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(57) Abstract: Disclosed is an optical fiber having 
a core with an alkali metal oxide dopant in an peak 
amount greater than about 0.002 wt. % and less than 
about 0.1 wt. %. The alkali metal oxide concentration 
varies with a radius of the optical fiber. By appropriately 
selecting the concentration of alkali metal oxide dopant 
in the core and the cladding, a low loss optical fiber 
may be obtained. Also disclosed are several methods of 
making the optical fiber including the steps of forming 
an alkali metal oxide-doped rod, and adding additional 
glass to form a draw perform. Preferably, the draw 
preform has a final outer dimension (d2), wherein an 
outer dimension (dl) of the rod is less than or equal 
to 0.06 times the final outer dimension (d2). In a 
preferred embodiment, the alkali metal oxide-doped rod 
is inserted into the centerline hole of a preform to form 
an assembly. 
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Optical Fiber Containing an Alkali Metal Oxide and Methods and 
Apparatus for Manufacturing Same 

Cross-reference to Related Applications 

[0001] This application claims the benefit of priority under 35 U.S.C. § 1 19(e) of U.S. 
Provisional Application Serial Nos. 60/498901 filed on August 29, 2003 and 60/528,639 filed 
on December 10, 2003, said applications being hereby incorporated by reference herein. 

Background of the Invention 
Field of the Invention 

[0002] The present invention relates generally to an optical fiber doped with an alkali 
metal oxide and methods and apparatus for making same. 

Technical Background 

[0003] Attenuation is a principal limiting attribute of optical fibers. Optical fiber loss, for 
example, plays an important role in setting the limiting distance between optical fiber 
amplifiers. This is particularly important in long distance and ultra-long distance networks 
such as, for example, undersea applications, where such amplifiers represent a significant 
system cost, as well as a major factor in system reliability. Consequently there is tremendous 
commercial interest in reducing attenuation to the lowest possible level. 
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Summary of the Invention 

[0004] One broad aspect of the present invention relates to an optical fiber having a core 
comprising an alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li02, 
Rb 2 0, Cs 2 0 and mixtures thereof, in a peak concentration greater than about 0.001 wt. % and 
less than about 1 wt. %; a cladding comprising the alkali metal oxide in a peak concentration 
less than the peak concentration in the core but greater than about 0.0005 wt. %; and wherein 
the concentration of alkali metal oxide varies with a radius of the optical fiber. The alkali 
xnetal oxide dopant concentration preferably decreases with increasing radius from the 
centerline of the optical fiber. Using the alkali metal oxide doping techniques disclosed 
herein, optical fibers can be made which exhibit an attenuation less than about 0.30 dB/km at 
1310 nm and less than about 0.18 dB/km at 1550 nm; preferably less than about 0.17 dB/km 
at 1550 nm, more preferably less than about 0.16 dB/km at 1550 nm. 

[0005] Preferably, both the core and the cladding of the optical fiber contain an alkali 
metal oxide dopant The cladding glass of the optical fiber may comprise fluorine (F). The 
optical fiber has at least one core segment; in some preferred embodiments, the optical fiber 
comprises multiple core segments. The alkali metal oxide concentration at a radius equal to 
the mode field radius of the optical fiber is preferably at least about 0.001 wt. %. 
[0006] The present invention proposes an optical fiber having a core comprising an alkali 
met al oxide selected from the group consisting of K 2 0, Na.O, Li02, Rb.0, Cs 2 0 and 
mixtures thereof, wherein the core contains less than 20 ppb of OH. 

[00071 According to another aspect of embodiments of the invention, an optical fiber is 
proposed having a core comprising an afcali metal oxide selected from the group consisting 
of Rb 2 0, Cs 2 Q and mixtures thereof, in a peak concentration greater than about 0.001 wt % 
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and less than about 1 wL %, a cladding comprising the alkali metal oxide in a peak 
concentration less than the peak concentration in the core, but greater than about 0.0005 wt. 
%, and wherein the concentration of alkali metal oxide varies with a radius of the optical 
fiber. 

[0008] According to still another aspect of embodiments of the invention, an optical fiber 
is proposed comprising a core containing Rb20 in a peak concentration greater than about 
0.001 wt. % and less than about 1 wt. %, a cladding comprising RbaO in a peak concentration 
less than the peak concentration in the core, but greater than about 0.0005 wt. % and wherein 
the concentration of alkali metal oxide varies with a radius of the optical fiber. 
[0009] According to another broad aspect of the present invention, an optical fiber may be 
provided comprising a core comprising Ge0 2 and an alkali metal oxide selected from the 
group consisting of K2O, Na20, Li02, RbiO, CS2O and mixtures thereof, and wherein a 
refractive index of the optical fiber is selected to provide a total dispersion greater than about 
1 ps/nm/km at about 1550 nm, and a dispersion slope less than about 0.10 ps/nm 2 /km at 1550 
nm. Preferably, the optical fiber has a total dispersion greater than about 6 ps/nm/km at 1550 
nm. Preferably, the optical fiber has an attenuation less than about 0.18 dB/km at 1550 nm; 
more preferably less than about 0.17 dB/km at 1550 nm. Preferably, the optical fiber is 
drawn at a draw speed of at least 10 m/s. 

[0010] According to another aspect of the invention, an optical fiber is disclosed herein 
comprising: a silica-based core comprising a first dopant selected from the group consisting 
of germania and fluorine and mixtures thereof, and an alkali metal oxide selected from the 
group consisting of K 2 0, Na 2 0, LiC>2 3 Rb 2 0, Cs 2 0 and mixtures thereof, in a peak 
concentration between 20 and 1000 ppm; and a silica-based cladding surrounding and 
directly adjacent the core; wherein the attenuation at 1550 nm is less than 0.185 dB/km, 
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preferably less than 0.18 dB/km, more preferably less than 0.17 dB/km. In some preferred 
embodiments, the attenuation at 1550 nm is less than or equal to 0.167 dB/km. In preferred 
embodiments, the concentration of alkali metal oxide in the core decreases with a radius of 
the optical fiber. Preferably, the peak concentration of alkali metal oxide in the core is 
greater than about 0.002 wt.% and less than about 0.07 wt %. In preferred embodiments, the 
alkali metal oxide concentration at a radius equal to a mode field radius of the optical fiber is 
at least about 0.0001 wt. %. In some embodiments, the core comprises GeO,, and in other 
embodiments, the core comprises no GeO, In some embodiments, the core comprises a 
single segment. In other embodiments, the core comprises a plurality of segments. In some 
preferred embodiments, the cladding comprises F, particularly in some embodiments where 
the core has no germania. In preferred embodiments, the peak amount of alkali metal oxide 
in the core is greater than about 0.002 wt% and less than about 0.05 wt %. In various 
embodiments, the optical fiber comprises an exterior hermetic coating; in particular 
embodiments, the first dopant is germania, i.e. the fiber is germania-doped, and the optical 
fiber further comprises an exterior hermetic coating. In some preferred embodiments, the 
optical fiber is a single mode fiber, for example single-moded at 1550 nm; in other preferred 
embodiments, the optical fiber is a multimode fiber, which preferably has a graded refractive 
index profile. Some preferred embodiments are non-zero dispersion shifted optical fibers 
having a dispersion at 1550 nm between 1 and 6 ps/nm-km, and other embodiments have a 
dispersion at 1550 nm between 6 and 15 ps/nm-km. 

[0011] According to yet another aspect of the invention, an optical fiber is disclosed herein 
comprising: a core comprising GeO z and an alkali metal oxide selected from the group 
consisting of K 2 G, Na 2 C, Li02, Rb 2 Q, Cs.O and mixtures thereof, and a cladding 
surrounding the core, wherein a refractive index profile of the optical fiber is selected to 
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provide a total dispersion greater than about 1 ps/nm/km at 1550 nm, and a dispersion slope 
less than about 0.10 ps/nm 2 /km at the zero dispersion wavelength. In preferred embodiments, 
the total dispersion is greater than about 6 ps/nm 2 /km at 1550 nm. Preferably, the attenuation 
at 1550 nm less than about 0.18 dB/km, more preferably less than about 0.17 dB/km. 
[0012] In another broad aspect of the invention, an optical fiber is disclosed herein 
comprising: a core comprising an alkali metal oxide selected from the group consisting of 
Rb 2 0 and Cs 2 0 and mixtures thereof, in a peak concentration greater than about 0.001 wt.% 
and less than about 1 wt %; and a cladding surrounding and directly adjacent the core. 
[0013] In still another broad aspect of the invention, an optical fiber is disclosed herein 
comprising: a core comprising Rb 2 0 in a peak concentration greater than about 0.001 wt.% 
and less than about 1 wt. %; and a cladding surrounding and directly adjacent the core. 
[0014] In another broad aspect of the invention, an optical fiber is disclosed herein 
comprising: a silica-based core comprising a first dopant selected from the group consisting 
of germania and fluorine and mixtures thereof, and an alkali metal oxide selected from the 
group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof, in a peak 
concentration between 20 and 1000 ppm; and a silica-based cladding surrounding and 
directly adjacent the core; wherein the core has a refractive index profile with a peak relative 
refractive index, Amax, greater than 0.2 %, relative to the cladding. Preferably, the optical 
fiber has an attenuation at 1550 nm of less than 0.185 dB/km, more preferably less than 0.18 
dB/km, even more preferably less than or equal to 0.17 dB/km. In some preferred 
embodiments, the attenuation at 1550 nm is less than or equal to 0.167 dB/km. In some 
preferred embodiments, the fiber is a multimode fiber and the core comprises at least 70 wt% 
Si0 2 . In other preferred embodiments, the core comprises at least 80 wt% Si0 2 . In still other 
preferred embodiments, the core comprises at least 90 wt% Si0 2 . Preferably, the optical fiber 

BNSDOCID: <WO 2005021 45 5A2_l_> 



PCT/US2004/028102 

WO 2005/021455 

6 

is a single-mode fiber and the core comprises at least 90 wt% Si0 2 . Preferably, the core 
further comprises chlorine in a peak concentration of less than 3000 ppm. Preferably, the 
peak concentration of the alkali metal oxide is less than 700 ppm. Preferably, the average 
concentration of the alkali metal oxide is less than 350 ppm. In some preferred embodiments, 
the peak concentration of the alkali metal oxide is less than 500 ppm, that is the peak 
concentration of the alkali metal oxide is between 20 and 500 ppm. In preferred 
embodiments, the alkali metal oxide is K 2 0. In a first set of preferred embodiments, the first 
dopant is germania and the peak concentration of the alkali metal oxide is between 30 and 
300 ppm, preferably between 30 and 150 ppm. The core preferably further comprises 
chlorine in a peak concentration less than 3000 ppm. Preferably, the core has a maximum 
concentration of fluorine of less than 0.2 wt%. In some preferred embodiments, the cladding 
comprises an alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , 
RbsO, Cs 2 0 and mixtures thereof, in a peak concentration of less than 100 ppm. In a second 
set of preferred embodiments, the first dopant is fluorine and the peak concentration of the 
alkali metal oxide is between 200 and 500 ppm, and some preferred embodiments is between 
100 and 300 ppm Preferably, the core has a concentration of fluorine of greater than 0.02 
wt%, even more preferably the core has a concentration of fluorine of greater than 0.02 wt% 
at the centerline. Preferably, the core has a concentration of fluorine of greater than 0.15 
wt%. Preferably, the core has a maximum concentration of fluorine of between 0.5 and 1.5 
wt%. In particularly preferred embodiments of the second set, the core contains essentially 
no germania, preferably no germania. Preferably, the cladding has a minimum concentration 
of fluorine of at least 1 .0 wt%. In preferred embodiments, the alkali metal oxide is K 2 0. In 
some embodiments, the core further comprises chlorine in a peak concentration less than 500 
ppm. Preferably, the cladding comprises an alkali metal oxide selected from the group 
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consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof, in a peak concentration of 
less than 100 ppm. 

[0015] An optical fiber preform is disclosed herein having a center portion consisting 
essentially of solid glass, the center portion being surrounded by an outer portion comprised 
of glass soot, wherein the center portion contains an alkali metal oxide selected from the 
group consisting of K 2 0, Na 2 0, Li02, Rb 2 0, Cs 2 0 and mixtures thereof. Preferably, the 
alkali metal oxide is selected from the group consisting of K 2 0 and Rb 2 0. Preferably, the 
center portion also contains Ge0 2 . The outer portion preferably comprises Ge0 2 . The center 
portion preferably contains less than 20 ppb OH. 

[0016] In still another broad aspect of the present invention, a method of making an optical 
fiber is disclosed comprising forming a first glass rod comprising an alkali metal oxide 
selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof; 
and inserting the first glass rod into a centerline hole of an optical fiber preform to form a 
composite preform assembly. In one preferred embodiment, the glass rod comprises Ge0 2 . 
Preferably, the optical fiber preform comprises Ge0 2 . At various points in its manufacture, 
the optical fiber preform preferably comprises a glass soot. 

[0017] Yet another broad aspect of the invention involves a method of making an optical 
fiber comprising providing an optical fiber preform comprising an alkali metal oxide selected 
from the group consisting of K 2 0, Na 2 0, Li02, Rb 2 0, Cs 2 0 and mixtures thereof, and 
drawing the optical fiber preform into an optical fiber, wherein the draw speed and the draw 
tension are selected to control a concentration of alkali metal oxide in the optical fiber, and 
wherein the concentration varies with radius. 

[0018] Another broad aspect of the invention provides for a method of making an optical 
fiber comprising the steps of providing an optical fiber preform comprising an alkali metal 
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oxide selected from the group consisting of K 2 0, Na 2 G, Li02, Rb 2 Q, Cs 2 G and mixtures 
thereof, and heat treating the optical fiber preform for a time and at a temperature effective to 
obtain a pre-determined concentration of the alkali metal oxide in the optical fiber preform as 
a function of radius. Preferably, the method includes heat treating the optical fiber preform 
for at least about 6 hours. The optical fiber preform is heat treated preferably at a 
temperature of at least 1000°C. Preferably, a cladding glass of the optical fiber preform 
comprises F. 

[0019] In accordance with another broad aspect, the invention provides for a method of 
making an optical fiber comprising the steps providing a glass article having an outer 
dimension (dl) and doped with an alkali metal oxide selected from the group consisting of 
K 2 0, Na 2 G, LiQ 2 , Rb 2 Q, Cs 2 0 and mixtures thereof; and adding additional glass to the glass 
article to form a final consolidated draw preform having a final outer dimension (d2), 
wherein the outer dimension (dl) is less than or equal to 0.06 times the final outer dimension 
(d2) thereby concentrating the alkali metal oxide near the center of the final consolidated 
draw preform. 

[0020] In accordance with another broad aspect, the invention provides for a method of 
making an optical fiber comprising the steps of depositing sifica-containing soot onto a 
rotating mandrel to form a smca-containing soot tube, first drying the smca-containing soot 
tube with a cWorme-containing gas, then further drying the smca-containing soot tube with a 
fluorme-containing gas, consolidating the silica soot tube to form a glass tube, doping the 
glass tube or an intermediate article formed from the glass tube with an alkali metal oxide 
selected from the group consisting of K 2 0, Na 2 Q, LiO., Rb 2 0, Cs 2 0 and mixtures thereof, 
collapsing the glass tube or intermediate article to form an alkali-doped rod, and adding 
additional sihca-containing glass onto the alkali-doped rod. 

[0021] In accordance with a further broad aspect, the invention provides for a method of 
making an optical fiber comprising the steps of depositing smca-containing soot onto a 
rotating mandrel to form a sifica-containing soot tube, drying the s^ca-containing soot tube 
with a cMorme-containing gas, further drying the smca-containing soot tube with a fluonne- 
containing gas, consoUdating the silica soot tube to form a glass tube, doping the glass tube or 
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an intermediate glass article formed from the glass tube with an alkali metal oxide selected 
from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof; collapsing 
the glass tube or intermediate article to form an alkali-doped rod, inserting the alkali-doped 
rod into a silica-containing soot tube, forming a core rod from the alkali-doped rod and silica- 
containing soot tube, adding fluorine-doped silica to the core rod, and consolidating the 
fluorine-doped silica to form a final draw perform. 

[0022] Further, and in accordance with another broad aspect, the invention provides for a 
method of making an optical fiber comprising the steps of depositing germanium-doped silica 
soot onto a rotating mandrel to form a germanium-doped silica soot tube, drying the 
germanium-doped silica soot tube with a cMorine-containing gas, further drying the silica- 
containing soot tube with a fluorine-containing gas, consolidating the germanium-doped 
silica soot tube to form a glass tube, doping the glass tube or a intermediate article formed 
from the glass tube with an alkali metal oxide selected from the group consisting of K 2 0, 
Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof; forming an alkali-doped rod from the glass 
tube or the intermediate article, and inserting the alkali-doped rod into a silica-containing soot 
tube, the silica-containing soot tube including a inner annular portion of germanium-doped 
silica soot and an outer annular portion of substantially undoped silica soot. 
[0023] In accordance with another broad aspect, the invention provides for a method of 
making an optical fiber comprising the steps of depositing silica-containing soot onto a 
rotating mandrel to form a silica-containing soot tube, drying the silica-containing soot tube 
with a cUorine-containing gas, further drying the silica-containing soot tube with a fluorine- 
containing gas, consolidating the silica-containing soot tube to form a glass tube, doping the 
glass tube or an intermediate article formed from the glass tube with an alkali metal oxide 
selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof to 
form an alkali-doped article wherein the alkali metal oxide is doped in an amount of between 
about 20-1000 ppm of the alkali metal oxide. 

[0024] In accordance with another broad aspect, the invention provides a diffusion doping 
apparatus, comprising a frame, a glass tube mounted for rotation relative to the frame, a 
source of dopant coupled to the glass tube, and an induction heater mounted proximate to the 
glass tube. 
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[0025] Additional features and advantages of the invention will be set forth in the detailed 
description which follows, and in part will be readily apparent to those skilled in the art from 
that description or recognized by practicing the invention as described herein, including the 
detailed description which follows, the claims, as well as the appended drawings. 
[0026] It is to be understood that both the foregoing general description and the following 
detailed description present embodiments of the invention, and are intended to provide an 
overview or framework for understanding the nature and character of the invention as it is 
claimed. The accompanying drawings are included to provide a further understanding of the 
invention, and are incorporated into and constitute a part of this specification. The drawings 
illustrate various embodiments of the invention, and together with the description serve to 
explain the principles and operations of the invention. Where appropriate, identical features 
have been identically numbered. 

Brief description of the Drawings 

[0027] FIG. 1 is an iUustration of a portion of a step index optical fiber refractive index 
profile having an alkali metal oxide concentration that varies with the radius of the optical 
fiber. 

[0028] FIG. 2 is an illustration of an optical fiber refractive index profile having multiple 
core segments and which is compared to the radially varying concentration of alkali metal 
oxide in the fiber. 

[0029] FIG. 3 is iUustration of another optical fiber refractive index profile having multiple 
core segments and which is compared to the radially varying concentration of alkali metal 
oxide in the fiber. 
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[0030] FIG. 4 is an illustration of a portion of a step index optical fiber refractive index 
profile having a cladding region with an index of refraction less than the refractive index of 
pure silica, and which is compared to the radially varying concentration of alkali metal oxide 
in the fiber. 

[0031] FIG. 5 is a plot of the scattering loss of a silica glass rod doped with both F and 
K 2 0 showing the concentrations of the F and K 2 0 as a function of distance across the rod. 
[0032] FIG. 6 is a plot of the concentrations of FIG. 5, and including a curve representing 
the function [K]*[F] 3 . 

[0033] FIG. 7 is a plot of the scattering for two glass core rods containing different alkali 

metal oxide dopants, Cs 2 0 and Rb 2 0, and F, and one glass core rod containing K 2 0 only. 

[0034] FIG. 8 is a plot of the concentrations of the Cs 2 0, Rb 2 0 and F from FIG. 7 

[0035] FIG. 9 is a plot showing the concentration of K 2 0 resulting from two different 

diffusion methods as a function of radius across an optical fiber preform. 

[0036] FIG. 10 illustrates the concentrations of K 2 0 across a portion of three optical fibers 

after the optical fibers were drawn at pre-determined tension and draw speed.. 

[0037] FIG. 1 1 illustrates a method of manufacturing an alkali metal oxide-doped optical 

fiber according to the present invention. 

[0038] FIG. 1 2 depicts a method for doping a glass tube with an alkali metal oxide. 
[0039] FIG. 1 3 illustrates a process for drawing a glass rod. 

[0040] FIG. 14 depicts a method for doping an optical fiber preform with an alkali metal 
oxide by inserting an alkali metal oxide-doped glass rod into the centerline hole of a porous 
soot optical fiber preform. 

[0041] FIG. 15 depicts the concentration of K 2 0 and Ge0 2 across a diameter of a glass 
core rod. 
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[0042] FIG. 16 shows a method of depositing glass soot 

[0043] FIG. 17 is a plot of K 2 0 concentration as a function of radius for a glass rod doped 
with K 2 0 according to the present invention. 

[0044] FIG. 18 is a plot of Na 2 C concentration diffused across a silica glass rod in 
accordance with the present invention as a function of radius. 

[0045] FIG. 19 is a plot showing the concentrations of K 2 G, F and CI across an optical 
fiber preform manufactured according to the present invention 

[0046] FIG. 20 shows the concentration of K 2 G and F for a single mode optical fiber 
having a K 2 0-doped core and a F-doped cladding. 

[0047] FIG. 21 shows the concentration of K 2 Q, F and Ge0 2 for a single mode optical fiber 
having a core doped with Ge0 2 . 

[0048] FIG. 22 shows the concentration of Rb 2 0 and F in an optical fiber preform core rod. 
[0049] FIG. 23 shows the concentration of Cs 2 G and F in an optical fiber preform core rod. 
[0050] FIG. 24 illustrates both the concentration distribution and the relative refractive 
index as a fonction of radius for an optical fiber made in accordance with the method 
disclosed herein. 

[0051] FIG. 25 illustrates a flowchart of one preferred method for manufacturing an optical 
fiber in accordance with an aspect of the invention. 

[0052] FIG. 26 illustrates a flowchart of another preferred method for manufacturing an 
optical fiber in accordance with an aspect of the invention. 

[0053] FIGS. 27-28 are illustrations of a relative refractive index profiles of alkali doped 
fibers in accordance with the invention 

[0054] FIG. 29 is an isometric view of a lathe apparatus according to an aspect of the 
invention illustrating an induction heat source. 
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[0055] FIG. 30 is a cross sectional side view of the induction heat source of Fig. 29. 
[0056] FIG. 31 is a refractive index profile of a gennania-doped optical fiber according to 
an aspect of the invention. 

[0057] FIG. 32 is a plot of wt. % of various dopants versus fiber radius. 
[0058] FIG. 33 is a plot of wt. % of K 2 0 versus fiber radius for various fiber embodiments. 
[0059] FIG. 34 is a refractive index profile of another optical fiber according to an aspect 
of the invention. 

[0060] FIG. 35 is a plot of wt. % of various dopants versus fiber radius for another optical 
fiber in accordance with the invention. 
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Detailed description of the Dtvention 
[0061] The present invention relates to a low loss optical fiber and methods for making the 
same. More specifically, me invention relates to an optical fiber doped with an alkali metal 
oxide dopant and methods for manufacturing the optical fiber and associated preforms. The 
following terms as used herein have the following meanings: 

- The mode field diameter is a measure of optical power across the endface of a single-mode 
optical fiber, and is expressed as: 

where 2* is fire mode field diameter (and therefore «>o is the mode field radius), X is fire 
mean wavelength of the light, * is the angle with respect to the eenter of the radiation 
pattern, and fire integmfions are preferably carried out from 0° to 90". Mode fie!d diameter 
may be measure for example, according to tea, proeednre ANSWIA^IA-455-191-A-2001. 

-Effective area is 

A eff =27 t (lE 2 rdr) 2 /(jE 4 rdr) < 2 > 
where me integration limits are 0 to and E is the electric field associated with the 

propagated light 

- The relative refractive index, A, is defined by fire equation A, = fa* - n,W, where * is 
.he maximum refractive index of the index profile segment i, and „ is the refractive index in 
the reference region which is usually taken to be fire minimum index of the cladding layer. 
The relative refractive index is generally expressed as a percent and is indicated herein by the 
term %A. Unless otherwise indicated, %A represents the maximum relative refractive index 
of the core relative to the nunfmum refractive index of the cladding 



BNSDOCICr <WO 2005021 4S5A2_I_> 



WO 2005/021455 PCT/US2004/028102 

15 

- The term refractive index profile or simply index profile is the relation between %A and 
radius over a selected portion of the optical fiber, typically the core. 

- The term alpha profile refers to a core refractive index profile which follows the equation, 

n(r)= no(l-[r/a] a ) (3) 
where r is core radius, a is the last point in the profile, r is chosen to be zero at the first point 
of the profile, no is the maximum refractive index of the core region of interest, and a is an 
exponent which defines the core profile shape. Other common core refractive index profile 
shapes include a step index, a trapezoidal index and a rounded step index, in which the 
rounding is due to dopant diffusion in regions of rapid refractive index change. 

- Core refers to that portion of the optical fiber which has a generally raised index of 
refraction relative to the cladding, so that the transmitted optical power propagates 
predominately through the core. The core may be comprised of one or more segments. An 
individual core segment may have a refractive index greater than pure silica, equal to pure 
silica, or less than pure silica. 

- Cladding, or cladding segment, refers to that portion of the optical fiber surrounding the 
core region, and is defined to occur where the absolute magnitude of the relative refractive 
index is less than 0.03% and remains less than 0.03% up to the outermost radius of the silica- 
based part of the optical fiber, that is, up to the outermost radius of the cladding . The core 
ends, and the cladding begins, at a radius Rcore, and the cladding ends at a radius Rclad, 
where Rclad > Rcore- 

- "ppm", unless otherwise specifically noted otherwise, refers to parts per million by 
weight, or "ppm by weight", or "ppm by wt", and a measurement in weight percent (wt %) 
can be converted to ppm by multiplying by a factor of 10,000. 
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[0 062) Preferably, both the core and the cladding of the optical fiber contain an alkali 
me tal oxide dopant. The alkali metal oxide is preferably an oxide of K, Na, Li, Cs, or Rb, or 
a mixture thereof, more preferably the alkali metal oxide is K 2 Q, RfaQ, Cs 2 0 or mixtures 
thereof, and most preferably the alkafi metal oxide is K 2 G or Rb 2 Q. It is beneficial, and 
therefore preferable, to have the peak alkali metal oxide concentration in a single mode 
optical fiber be substantially coincident with the peak power level of the propagating fight's 
mode field. Preferably, the alkali metal oxide has a peak concentration in the core of the 
optical fiber. The alkali metal oxide concentration preferably varies radially across a radius 
of the optical fiber. Preferably, the concentration of alkali metal oxide generally decreases as 
a function of increasing radius from the centerline of the optical fiber along at least a portion 
of the optical fiber radius. Preferably, the alkali metal oxide concentration as a function of 
radius has an approximately Gaussian shape. 

l0 063] Preferably, the peak concentration of alkali metal oxide in the core of the optical 
fiber is greater than about 0.001 wt % but less than about 1 wt. %; more preferably greater 
than about 0.001 wt % but less than 0.4 wt. %; most preferably greater than about 0.001 wt. 
o/o but less than about 0.15 wt %; and even more preferably between about 0.005 wt. % and 
0.15 wt %. The peak amount of alkali metal oxide in the cladding of the optical fiber is 
preferably less than the peak amount of alkali metal oxide in the core. Preferably, the peak 
amount of alkali metal oxide in the cladding is greater than about 0.0005 wt. %; more 
preferably the peak amount of alkali metal oxide in the cladding is greater than about 0.001 
wt o/o. The concentration of alkali metal oxide comprising a single mode optical fiber at a 
radius equal to the mode field radius is, in some embodiments, at least about 0.0001 wt. %; 
more preferably between about 0.0001 wt % and 0.0005 wt. %. For multimode optical fiber 
the amount of alkali metal oxide at the core-cladding interface of the optical fiber is 
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preferably at least about 0.001 wt. %; more preferably between about 0.001 wt. % and 0.005 
wt. %. Either the core, or the cladding, or both the core and the cladding may comprise an 
alkali metal oxide dopant and one or more glass modifying dopants such as, for example, 
Ge0 2 or F. In preferred embodiments, the multimode fiber comprises a core having a graded 
refractive index profile. 

[0064] FIG. 1 shows an exemplary refractive index profile 10 of a single mode optical 
fiber having a single core segment, as well as an exemplary alkali metal oxide concentration 
profile 12 (alkali metal oxide concentration as a function of radius) which may be achieved 
by practicing the present invention. The optical fiber includes a central core segment 14 and 
a cladding segment 16. Preferably, the alkali metal oxide concentration varies as a function 
of radius. Preferably, the concentration of alkali metal oxide generally decreases as a 
function of increasing radius from the centerline of the optical fiber along at least a portion of 
the optical fiber radius. Preferably, the alkali metal oxide concentration as a function of 
radius has an approximately Gaussian shape. Core segment 14 of the optical fiber may have 
a step shape as shown in FIG. 1, or core segment 14 may have a rounded, alpha or triangular 
shape. 

[0065] FIG. 2 shows an exemplary refractive index profile 18 for an optical fiber having 
multiple core segments (a segmented core structure), and also depicts an alkali metal oxide 
concentration profile 20 of the multi-segmented core optical fiber as a function of radius 
which may be achieved by practicing the present invention. Preferably, the concentration of 
alkali metal oxide generally decreases as a function of increasing radius from the centerline 
of the optical fiber along at least a portion of the optical fiber radius. Preferably, the alkali 
metal oxide concentration as a function of radius has an approximately Gaussian shape. The 
refractive index profile 18 preferably includes a central core segment 22, a first annular core 
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segment 24, and a second annular core segment 26. Also shown is a cladding segment 28. 
However, it should be understood that me present invention is not limited to the refractive 
index profiles depicted herein. A core segment may have a refractive index equal to the 
refractive index of pure silica, greater than the refractive index of pure silica, or the segment 
may have a refractive index less than pure silica. As an illustration, FIG. 2 shows a first 
annular segment 24 that is depressed below the refractive index of pure silica (pure silica is 
represented by a %A of zero). The first annular core segment 24 may optionally have a 
refractive index greater than the refractive index of pure silica as indicated by line 30, or the 
first annular segment 24 may have a refractive index equal to pure silica. The second annular 
segment 26 depicted in FIG. 2 shows a relative refractive index greater than pure silica. The 
second annular segment 26 may optionally have a refractive index less than pure silica, 
indicated by line 32. Alternatively, the second annular segment 26 can be omitted altogether. 
Although the core of the optical fiber depicted in FIG. 2 is shown with 3 segments, the core 
of the optical fiber according to the present invention may have any number of segments. A 
core segment may have a step refractive index profile, an alpha refractive index profile, a 
triangular refractive index profile, a rounded refractive index profile or a combination 
thereof. It should also be noted that the alkali metal oxide in the concentrations disclosed 
herein has a minimal affect on refractive index, allowing the alkali metal oxide to be diffused 
across an entire core refractive index profile without appreciably affecting the existing 
refractive index profile. This provides tremendous flexibility to manufacturing processes, as 
the alkali metal oxide may be applied to an entire optical fiber, if need be, without excessive 
concern regarding changes to the performance attributes of the optical fiber due to refractive 
index changes. 
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[0066] FIG. 3 shows the refractive index profile 34 for another segmented core single mode 
optical fiber. The refractive index profile of FIG. 3 comprises a central core segment 36 
having an alpha or rounded refractive index profile, and includes a first annular core segment 
38 and a cladding segment 40. First annular core segment 38 may have a refractive index 
equal to pure silica, or the first annular core segment 38 may optionally have a refractive 
index greater than pure silica, as indicated by line 42. Refractive index profile 34 optionally 
comprises a second annular core segment 44. Second annular core segment 44 is shown in 
FIG. 3 as having a rounded profile. However, it should be understood that other shapes are 
also possible, such as for example, square, triangular or alpha. FIG. 3 also shows an 
exemplary distribution 45 of alkali metal oxide as a function of radius which may be 
achieved by practicing the present invention. Preferably, the concentration of alkali metal 
oxide generally decreases as a function of increasing radius from the centerline of the optical 
fiber along at least a portion of the optical fiber radius. Preferably, the alkali metal oxide 
concentration as a function of radius has an approximately Gaussian shape. 
[0067] FIG. 4 depicts a refractive index profile 46 for a step index optical fiber formed by 
lowering the refractive index of the cladding glass by doping the cladding glass with a 
suitable index lowering dopant A suitable refractive index lowering dopant, for example, is 
F. The optical fiber of FIG. 4 comprises a core segment 48 and a cladding segment 50. Core 
segment 48 may have a peak refractive index greater than pure silica, less than pure silica, or 
equal to pure silica. The refractive index of cladding segment 50 is less than pure silica and, 
of course, less than the core 48. Also shown in FIG. 4 is an exemplary concentration 
distribution 52 of alkali metal oxide which may be achieved by practicing the present 
invention. Preferably, the concentration of alkali metal oxide generally decreases as a 
function of increasing radius from the centerline of the optical fiber along at least a portion of 
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the optical fiber radius. Preferably, the alkali metal oxide concentration as a function of 
radius has an approximately Gaussian shape 

[0068] Although FIGS. 1-4 illustrate a generally Gaussian profile for the amount of alkali 
metal oxide in the example optical fibers, other radially varying alkali metal oxide 
concentrations are possible. For example, the amount of alkali metal oxide dopant could vary 
linearly with radius, or in a step-wise fashion. 

[0069] It has been discovered by the inventors herein that scattering loss in silica glass doped 
with an alkali metal oxide and F, and wherein the concentrations of alkali metal oxide and F 
overlap, follows the relationship [A]*[F] 3 , where [A] represents the concentration of the 
alkali metal oxide (in wt %) and [F] represents the concentration of fluorine, F, (in wt. %). 
That is, the relation [A]*[F] 3 may be used to predict regions of increased or decreased 
scattering. FIG. 5 shows a concentration of K 2 0 and F, 54, 56 respectively, across a portion 
of a diameter of a silica glass rod. Also shown in FIG. 5 is the optical scattering 58 measured 
across a portion of a diameter of the glass rod. The scattering peaks 60, 62 indicating large 
scattering losses are clearly visible. FIG. 6 again shows the concentrations 54, 56 of K 2 0 and 
F depicted in FIG. 5. Also shown in FIG. 6 is the relationship [K]*[F] 3 where [K] represents 
the concentration of potassium oxide (K 2 0). [K]*[F] 3 is indicated by curve 64. As can be 
seen by comparing FIGS. 5 and 6, the scattering peaks 60, 62 in FIG. 5 coincide with the 
peaks 66, 68 represented by the relationship [A]*[F] 3 in FIG. 6. The increase in scattering 
which occurs in regions of overlap between an alkali metal oxide and F may be especially 
troublesome for regions of an optical fiber wherein the overlap is coincident with propagating 
light, such as, for example, within the mode field radius of the optical fiber. 
[0070] The inventors herein have also discovered that the overlapping use of F in 
combination with Cs 2 0 or Rb 2 Q does not appear to result in the same increase in scattering as 
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demonstrated by the combination of K 2 0 and F. FIG. 7 illustrates scattering across a radius 
of three optical fiber core rods. By core rod we mean a glass rod which comprises at least a 
portion of the core glass for an optical fiber which may later be drawn from an optical fiber 
preform comprising the glass rod. The core rod may optionally include a portion of the 
cladding for an optical fiber. A first core rod was doped with F and Rb 2 0. Scattering for the 
core rod containing Rb 2 0 is indicated by curve 70. A second core rod was doped with F and 
Cs 2 0. Scattering for the core rod containing Cs 2 0 is indicated by curve 72. The third core 
rod was doped with K 2 0 only. Scattering for the core rod containing K 2 0 is indicated by 
curve 74. As shown, scattering for the core rods comprising either Cs 2 0 or Rb 2 0 was at a 
level which is equivalent to the scattering displayed by the core rod containing only K 2 0. 
FIG. 8 indicates the concentrations of Rb 2 0 (75), Cs 2 0 (76) and F (77, 78 respectively) 
comprising the first and second core rods. The values on the scattering axis in FIG. 7 are 
shown normalized to the scattering in pure silica. 

[0071] In one embodiment according to the present invention, a single mode optical fiber 
preferably has a zero dispersion wavelength, Ao, between about 1280 nm and 1340 nm, a zero 
dispersion slope, So, less than about 0.07 ps/nm 2 /km, and a total dispersion greater than about 
15 ps/nmykm at 1550 nm, more preferably between about 15 ps/nm/km and 20 ps/nm/km at 
1550 nm. Preferably, the optical fiber has a cutoff wavelength less than about 1300 nm. 
Preferably the optical fiber has an effective area greater than about 80 um 2 at 1550 nm. The 
optical fiber preferably has a core diameter greater than about 3 urn, more preferably between 
about 3 um and 5 um, and a mode field diameter greater than about 9 urn, more preferably 
between about 10 um and 11 at 1550 nm. By including an alkali metal oxide in 
accordance with the invention, optical fibers may be made which have an attenuation less 
than about 0.30 dB/km at 1310 nm and less than about 0.18 dB/km at 1550 nm; more 
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.1 ™%tira1 fiber has a zero dispersion 

[0072] In another embodiment, the single mode optical tiber 

, . „u^ in t 1^0 nm and 1600 nm, and more , 
wavelength, h> preferably in the range between about 1330 nm an 

p^erab.y belween abou, 1330 nm and 1450 nm. The core, or the cladding, or both the eore 
md *. cladding may additionally be dop*i wim outer glass modifying dopanls sneb as, for 
e^npie GeO, or F. The optical fiber secerning to the present embodiment has a disperse 
sl ope S. a, me zero dispersion wavdeagd, which is preferably less man abon, 0.07 
pW*m, more preferably between about 0.035 ps/ntr. Am and 0.07 paW/km, and a ,o«al 
version ^eater man about 6 ps/nm/ta a, 1550 nm, preferably hereon about 6 ps*m*m 
«a 15 ps/nm*m at ,550 nm. Preferably Ore opfica. fiber has a cutoff waveleng* less fitnn 
^ 14 00 nm; more preferably less man abon. 1300 nm. Preferably me optica, fiber has an 
effective area between abon, 45 prf and 75 ^ at 1550 nm. Using me « meal oxide 
do ping teebnione disclosed herein, opfica, fibers according ,0 fhe present embodiment can be 
^ which exhibi, an attenuation less man about 0.30 dB*m at 13!0 nm and ,ess man about 
0 . 18 as/km at 1550 mm more preferably less man about 0.17 dB*m at 1550 nm, and mosf 
preferably less than about 0.16 dB/km at 1550 nm. 

[,073, m stiU another embedment in accordance wim the invenuon, a single mode optical 
fib er has a zero dispersion w.ve.engfh preferably between about 1350 nm and 1450 nm, a 
»o dispersion slope less than abon. 0.10 psW/km, more preferab.y bebveen abon. 0.035 
ps W/km and 0,0 ps/om^; and a lota, dispersion between about 1 ps/nm/km and 6 
ps/ll m/km a. 1550 nn, The opfical fiber preferab.y has a cutoff wavelengd. less man about 
140 0 nm and preferably less *an abon. 1300 nm Preferably, the opfica! fiber has an 
effective area between abon, 45 pzn and 75 pm> a, 1550 mn. Using the afcaU ^ oxide 
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doping techniques disclosed herein, optical fibers according to the present embodiment can 
be made which exhibit an attenuation less than about 0.30 dB/km at 1310 nm and less than 
about 0.18 dB/km at 1550 nm; preferably less than about 0.17 dB/km at 1550 nm; more 
preferably less than about 0.16 dB/km at 1550 nm. 

[0074] In yet another embodiment, the core of an optical fiber comprises an alkali metal 
oxide, and the cladding of the optical fiber comprises both an alkali metal oxide and F. 
Preferably the alkali metal oxide is selected from the group consisting of K 2 0, Na 2 0, Li 2 0, 
Rb 2 0, CS2O and mixtures thereof; more preferably the alkali metal oxide is selected from the 
group consisting of K 2 0 , Rb 2 0 and Cs 2 0 and mixtures thereof; and most preferably the 
alkali metal oxide is K 2 0 or Rb 2 CX The peak amount of alkali metal oxide in the core of the 
optical fiber is preferably greater than about 0.001 wt % but less than about 0.4 wt. %; more 
preferably greater than 0.001 wt. % but less than about 0.15 wt. %; and most preferably 
between about 0.005 wt. % and 0.15 wt. %. 

[0075] As may be appreciated by those skilled in the art, the ability to control the relative 
amount of alkali metal oxide in the preform during manufacture of the preform, and 
subsequent forming of the optical fiber, is important to the ultimate alkali metal oxide 
distribution in the optical fiber, and therefore its propagation characteristics. This may be 
accomplished by heat treating the preform according to a pre-determined schedule of time 
and temperature prior to drawing the preform into optical fiber. In some cases it is desirable 
to retain the alkali metal oxide in the core of the optical fiber and limit the diffusion of the 
alkali metal oxide into the cladding. This may be achieved by forming a substantially 
chlorine-free optical fiber core preform surrounded by a F-doped cladding glass, and heat 
treating the optical fiber preform before drawing the optical fiber preform into an optical 
fiber. For example, K 2 0 has been found to diffuse approximately 10 times to 100 times 
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faster in consolidated F-doped silica glass than in pure silica glass when heat treated within a 
temperature range ftom about 1000°C to 1600°C . Thus, heat treating an optical fiber core 
preform having a cladding comprising F may advantageously result in a rapid diffusion of 
K 2 0 throughout the cladding glass, but at a very low concentration relative to me 
concentration of alkali metal oxide in the core of the optical fiber preform. Accordingly, low 
scattering in the core of an optical fiber drawn ftom tire preform may be achieved while 
avoiding the high scattering that may accompany concentrations of both F and KtO which are 
similar in magnitude and co-located within me same region of the optical fiber. Preferably, 
me preform is hear heated for at leas. 6 hours at a temperature of a. least about 1000°C ; 
more preferably the preform is hea, heated at a temperature of at least about 1400°; and most 
pmferahlymepreformisheatti^etiata^mperatureofatleastabout 1600°C. Thepreform 
is more preferably heat heated for a. least 30 hours. Preferably, a cladding of the optical 
fiber preform comprises F. After heat treating, the optical fiber preform may be drawn into an 
optical fiber by conventional drawing techniques. 

[00761 The diffusion of an alkali metal oxide may also be advantageously controlled 
during the draw process. It has been found that by varying draw conditions in a prescribed 
manner, alkali metal oxide dopants may be distributed throughout the prefonn in a desired 
concentration profile. Preferably, the alkali metal oxide dopant is diffused in a relatively 
toear relationship with respect to radius. A comparison between the pre-draw heat treating 
approach described supra and me draw approach is illustrated in FIG. 9. FIG. 9 shows me 
radial concentration of K 2 0 as a result of pre-draw hea, heating of an optkal fiber preform 

after 6 hours at 1500»C indicated by curve 80, and the concentration of KaO 82 in an optical 
.fiber preform after drawing at 2000°C. Also shown is the estimated starting K 2 0 

concentration profile, reflected by curve 84, and the starting F concentration profile, indicated 
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by curve 86. The core cladding interface is indicated by the dotted line 88. As clearly 
shown, although the pre-draw heat treating K 2 0 concentration profile 80 shows a relatively 
large depletion at the core cladding interface 88, the K 2 0 concentration profile 82 resulting 
from the draw process shows a more nearly linear profile. Preferably, the alkali metal oxide 
concentration decreases with radius. Because the diffusion of an alkali metal oxide dopant is 
partially dependent upon the temperature of the glass being doped, and the time the glass 
remains at the temperature, these same factors play a significant role in controlling the alkali 
metal oxide diffusion during the draw process. The time and the temperature to which an 
optical fiber preform (and the optical fiber drawn from the preform) are exposed during the 
draw process are controlled by varying the draw speed, the draw (furnace) temperature and 
optical fiber tension. For example, increasing the draw speed decreases the dwell time for a 
particular section of the optical fiber preform in the draw furnace, thus decreasing the 
distance which an alkali metal oxide dopant will diffuse across the optical fiber preform, and 
hence the drawn optical fiber. This may result in less alkali metal oxide diffusing into the 
cladding and, therefore, a higher alkali metal oxide concentration in the core of the optical 
fiber. Conversely, decreasing the draw speed increases the dwell time, and, therefore, may 
result in an decrease in the concentration of alkali metal oxide in the core of the optical fiber 
as the alkali metal oxide diffuses further into the cladding of the optical fiber. In a like 
manner increasing the furnace temperature may increase the diffusion rate of the alkali metal 
oxide, decreasing the concentration of alkali metal oxide. Consequently, draw speed and 
furnace temperature may be effectively used to control the diffusion, and thus the distribution 
of alkali metal oxide within the resulting optical fiber. The use of draw conditions to modify 
the alkali metal oxide concentration across a diameter of an optical fiber is illustrated by 
FIGS. 10. FIG. 10 depicts the concentration of K 2 Q (90, 92 and 94) as a function of position 
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across a portion of the diameter of three optieal fibers drawn from the same optical fiber 
preform after drawing. The optical fiber indicated by the reference numeral 90 was drawn at 
15 m/s and 200 g tension. The optical fiber indicated by reference numeral 92 was drawn at 
15 m/s and 90 g tension, and the optical fiber indicated by reference numeral 94 was drawn at 
9 m/s and 90 grams tension. A comparison between the K 2 G concentrations 90, 92, 94 
shown in FIG. 10 shows that a reduction in draw speed from 15 m/s to 9 m/s, indicated by 
curves 92 and 94 respectively, resulted in a reduction in the peak concentration of K 2 0. 
More dramatically, an increase in draw tension from 90g to 200g, as shown by comparing 
curves 92 and 94 with curve 90, shows an approximately 30% increase in the peak amount of 
alkali metal oxide in the core of the optical fiber represented by curve 90. It is believed that 
the K 2 D diffused radially outward from the central region of the optical fiber into the 
cladding of the optical fiber. Although an increase in the K 2 0 concentration in the cladding 
is not directly evident from FIG. 10, we believe improvements to measurement sensitivity 
and subsequent measurement scans across the entire optical fiber diameter will show such an 
increase. 

10077] Illustrated to FIG. 11 is a first method 102, to accordance with embodiments of the 
present invention, for producing an alkali-doped optical fiber by diffusing an alkali metal 
oxide into a suitable silica glass article that is a precursor to an optica, fiber. A first step 104 
of me method 102 is shown and described with reference to FIGS. 1 1 and 12. A silica glass 
tube 106 suitable for the manufacture of optical fiber is preferably first mounted between 
chucks in a lathe 101 (such as a glass-wotking lathe or a conventional modified chemical 
vapor deposition (MCVD) glass-forming lathe). A preferably annular reservoir 108 for 
receiving an alkali metal source compound 110 is fotmed near one end of tube 106 by forging 
two annular ueck-like deformations 112 in the wall of tube 106 by flame working or 
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otherwise welding the reservoir to the tube. Other types of reservoir may be also used. 
Preferably, the annular neck-like deformations 112 are about 2 cm from each other. Tube 
106 may also comprise dopants, either singly or in combination. Such dopants may include, 
for example, F, A1 2 0 3 , CaO, Ge0 2 , P or other refractive index modifying dopants. In 

particular, the tube may comprise Si0 2 doped with Ge0 2 to form a portion of the core of a 

i 

step index single mode fiber, for example. Prior to diffusing an alkali metal oxide into the 
tube, additional silica glass may be added to the interior surface of glass tube 106 through 
chemical vapor deposition. Such additional glass may also contain dopants as mentioned 
above. However, to prevent crystallization of the alkali metal, it is desirable that tube 106, 
and any additional glass deposited on the inside of tube 106, be essentially chlorine free. By 
essentially chlorine free we mean exhibiting a chlorine content sufficiently low that optical 
losses due to alkali chloride crystallization are avoided. A chlorine content preferably less 
than about 500 ppm by weight is desired for this purpose; more preferably less than about 
100 ppm by wt; and most preferably less than about 50 ppm by wt. In addition, silica glass 
tube 106, and any additional glass deposited therein, should be essentially free of "water". 
By "water" we mean the hydroxyl group OH. Water is responsible for an absorption peak at 
or about 1383 nm and which absorption peak may extend into the operating wavelength 
regions of an optical fiber. This peak may have a detrimental effect on the fiber attenuation. 
Therefore, it is desirable to reduce the absorption peak, also referred to as the water peak, by 
reducing the OH content of the glass as much as possible. Preferably, glass tube 106 contains 
less than about 100 ppb by wt. OH; and more preferably less than about 20 ppb by wt. To 
ensure mat starting glass articles are essentially free from water prior to diffusing an alkali 
metal oxide dopant, conventional chlorine drying techniques may be employed during 
manufacture of the silica glass tube. The use of chlorine, however, should be minimized to 
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reduce chlorine concentrations in the glass. In the case of porous soot glass articles, drying is 
preferably accomplished by exposing the article to a fluorine-containing atmosphere (fluorine 
sweeping), such as, for example, CF 4 or SiF 4 , or combinations thereof, either after chlorine 
drying or in place of it. The exposure to a fluorine-containing atmosphere (fluorine sweep) is 
done at temperatures preferably less than about 1 100°C to avoid doping the glass with high 
levels of fluorine. Low levels of fluorine doping are desirable, i.e., 0.1 to 0.4 wt. % fluorine, 
for example. Preferably, the water content of the glass which will become the core of an 
optical fiber is less than about 100 ppb by wt, and more preferably less than about 20 ppb by 
wt. 

[0078] Referring again to FIG. 12, once the silica glass tube 106 has been prepared, 
including any deposition of additional glass, alkali source compound 110 is introduced into 
tube 106 at reservoir 108 and heated by heat source 114 to form a vapor as tube 106 is 
rotated. Oxygen or a carrier gas is flowed into the inlet 116 of tube 106 through rotating seal 
118, and portion 120 of tube 106 downstream of the alkali metal oxide source compound 110 
is heated to facilitate diffusion of the alkali metal oxide into interior surface 122 of tube 106. 
Preferably, the tube 106 does not have any preform components inserted therein, such as 
another glass rod or the like. The portion 120 of tube 106 downstream of the alkali metal 
oxide source compound 110 should be heated to a temperature sufficient to promote rapid 
diffusion of the alkali into surface 122 and to prevent devitrification of the glass. Preferably, 
portion 120 of tube 106 downstream of alkali metal oxide source compound 110 is heated by 
heat source 124 to above 1500°C; more preferably between about 1500°C and 2000°C. 
Preferably, heat source 124 is traversed along the length of portion 120 of tube 106. Alkali 
metal oxide source compound 112 preferably comprises an element selected from the group 
consisting of K, Na, Li, Cs, and Rb. Preferably, alkali metal oxide source compound 110 is a 
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bromide, iodide or fluoride. Most preferably, the alkali metal oxide source compound 110 is 
KBr, KJ or KN0 3 . The alkali metal oxide (e.g., K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures 
thereof) is preferably diffused throughout a depth of between about 100 microns and 500 
microns from the inside diffusion surface 122 of tube 106 prior to collapse of tube 106 
thereby forming an alkali oxide doped glass tube. In particular, it is preferred that the 
diffused alkali metal oxide dopant concentration (in wt. %) in the tube varies radially. 
Preferably, the glass article (e.g. tube 106) is doped such that the concentration is highest on 
an inner half portion 107 and lower in an outer half portion 109, as shown in the enlarged 
view of Fig. 12. The demarcation point between the inner and outer half portions is defined 
by and located at half the radial thickness (illustrated by dotted line 111) of the tube 106. For 
example, the diffusion is preferably such that the peak concentration of alkali dopant in the 
outer half portion 109 is less than 50% of the peak concentration (in wt. %) of the inner half 
portion 107. 

[0079] The diffusion process may be followed by the step of further heating tube 106 to 
promote a partial collapse of tube 106 by conventional methods as are known in the art (or by 
the dry methods described herein) to both reduce the inside surface area through which the 
alkali metal oxide might be lost and to thicken the layer of glass into which the alkali metal 
oxide has been diffused. Once the diffusion doping step, or any partial collapse of tube 106 
has been completed, the diffusion surface of the tube 122 may optionally_be etched with an 
etchant, suitable for removing silica glass, to a depth sufficient to remove unwanted 
impurities that may have diffused through the diffusion surface 122 of the tube. An aqueous 
HF solution may be used as an etchant, for example. More preferably, a fluoride gas such as, 
for example, CF 4 , SF 6 , NF 3 , C 2 F 6 or a mixture thereof, is employed. The amount of material 
removed from inner surface 122 is dependent upon processing conditions during diffusion 
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and any partial tube collapse, but the etching conditions are preferably sufficient to result in 
the removal of glass from surface 122 to a depth of at least about 5 percent of the total 
diffusion depth of the alkali metal oxide. As shown by step 126 of method 102, once etching 
is finalized, silica glass tube 106 is further heated with a heat source 124_to collapse tube 106 
downstream of alkali metal oxide source compound 110 and form an alkali metal oxide- 
doped solid glass rod 132. Collapse of tube 106 is accomplished according to conventional 
m ethods known in the art, such as heating with a suitable heat source (e.g., a torch). The 
solid alkali-doped glass rod 132 is then cut from that portion of glass containing alkali metal 
source compound reservoir 108. Preferably, the solid alkali metal oxide-doped glass rod 132 
is etched with a suitable etchant to remove some or all hydrated glass which may have been 
formed by the torch during collapse of the tube 106. If a dry heat source is used for collapse, 
for example, an induction or resistance heater, a plasma torch, or a dry heat source which 
uses a non-hydrogen containing fuel, such as CO, then etching may not be needed. Utilizing 
a dry heat source for the doping and/or collapsing steps is believed to minimize re-wetting of 
the outside of the tube, i.e., diffusing OH (water) into the tube from the outside and may, 
therefore, further reduce fiber attenuation. A dry heat source is one which does not induce 
any appreciable OH (water) into the tube. 

[0080] For example, FIG. 29 illustrates a diffusion doping lathe apparatus 501 for alkali 
doping wherein the heat source 524 for heating the tube 506 during diffusion and collapsing 
is an induction heater mounted proximate (and preferably surrounding) to the tube. In 
particular, the glass tube 506 is mounted (preferably in chucks 517) relative to the frame 502 
and is rotated therein. Carrier gas (such as 0 2 ) is preferably supplied from a source (not 
shown) and flowed into tube 506 through inlet 116 and rotatable seal 118. The carrier gas is 
flowed over an alkali source compound (e.g., KBr, KI or KNO s ) contained in vessel 508 
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coupled to the tube 506 by an interconnecting tube or by welding thereto. The vessel and 
alkali source compound are simultaneously heated (preferably to 800-1000°C) by a heat 
source 514, such as a resistance or induction heater or a torch, for example which causes the 
alkali vapor to be entrained in the carrier gas thereby forming an alkali dopant gas. The glass 
tube 506 is heated by inductive heater 524 while it is exposed to the dopant gas to diffuse the 
alkali dopant into the glass tube 506. During the diffusion step, the heater 524 is traversed 
along the longitudinal direction of the rod 506 by a suitable motor and drive mechanism (not 
shown). Once the alkali diffusion step is complete, the glass tube 506 is collapsed by further 
application of sufficient heat (as described above) by heat source 524 to form an alkali doped 
glass rod. 

[0081] The inductive heat source 524 (as best shown in FIG. 30) includes an annular 
graphite susceptor 515 surrounding the glass tube 506 (shown truncated) and a coil 513 
surrounding the suspector. The coil 513 is electrically connected to a tank circuit 518. The 
inductive heater 524 is mounted to the tank circuit 518 which moves on a slide to .allow the 
heat source 524 to traverse the surface of the tube 506. When inductive power is supplied to 
the tank circuit, the coil 513 in heater 524 is energized and eddy current flow is induced in 
the susceptor 515 thereby heating it (and, thus, the tube 506). The susceptor is supported by 
and spaced from the tube by end pieces 520. A glass tube 509 preferably also surrounds the 
susceptor 515 acting as an electrical insulator and physical support for the assembly, and such 
that the susceptor may be bathed in a flow of inert gas (as indicated by arrow "I"). In 
particular, the susceptor 515 surrounds tube 506 and forms a first space 511 between the tube 
and susceptor. Likewise, a glass sleeve 509 surrounds the susceptor 515 and forms a second 
space 516 between the sleeve and susceptor. Inert gas, such as argon, is flowed from a source 
(not shown) through passages 519 which interface with, and connect to, spaces 511 and 516 
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thereby providing inert gas which surrounds susceptor and prevents its oxidation. Space 516 
is preferably filled with porous graphite felt. 

[0082] It should be recognized that the alkali-doped rod 132 when collapsed preferably 
comprises (similar to the tube 106) concentrations of alkali metal oxide that vary radially and 
which are such that the portion corresponding to the inner half portion 107 has the highest 
peak concentration (in wt %) of alkali dopant and the portion corresponding to the outer half 
portion 109 has a lower peak concentration. Most preferably, the peak concentration of alkali 
dopant is at the center of the rod (as shown in Figs. 17 and 18) and the concentration at half 
1he radius is less than 50% of the peak concentration; and more preferably less than 25%. 
Most preferably, an outermost radial layer 171 (Fig. 17, 18) of the rod is preferably formed 
without any significant alkali metal oxide dopant being present. Preferably, this outermost 
layer 171 devoid of alkali dopant is 1 .0 mm or more thick, preferably comprising a thickness 
that is greater than 25% of the outer radius of the rod. It was found that having a layer on the 
rod without alkali dopant reduces the propensity for crystallization at the rod interface if 
chlorine is present in later processing. 

[0083] According to optional step 128 of method 102, in a further process step, the alkali- 
doped glass rod 132 may be heated in a redraw furnace 136 and drawn into a smaller glass 
rod 144 having a diameter dimension smaller than the original diameter of the alkali-doped 
glass rod ITiis redraw process is illustrated in FIG. 13. A glass handle 130 is attached to the 
alkali-doped glass rod 132 resulting from the collapse stage described supra and the alkali- 
doped glass rod 132 is mounted in a moving downfeed support 134 above a conventional 
redraw furnace .136. A sacrificial glass rod 138, which may be attached to the bottom of 
alkali-doped glass rod 132, is pulled by motor-driven tractors 140, thereby causing the alkali- 
doped glass rod 132 to be drawn at a suitable rate. A rate of 15 to 23 cm/min has been found 
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to be adequate, the rate being largely controlled in response to the diameter measured by 
sensor 142. The outer diameter dimension (dl) of the small diameter glass rod 144 resulting 
from the drawing process is preferably in the range of 3 mm to 10 mm; more preferably less 
than 6 mm in diameter dimension. If the diameter dimension of rod 132 resulting from 
collapse step 126 is within the desired range, rod 132 resulting from collapse step 126 maybe 
used as glass rod 144. The small diameter glass rod 144 should have a peak concentration of 
K?0 between about 5 times and 10 times the peak K2O concentration desired in the core of 
the optical fiber when the optical fiber is drawn, to offset the significant migration of the 
alkali dopant during draw of the fiber. For example, if the peak KoO concentration in the 
optical fiber core is desired to be 0.4 wt. %, the small diameter glass rod 144 preferably 
should have a peak K 2 0 concentration between about 2 wt. % and 4 wt. %. In particular, 
having a very small diameter of the alkali-doped rod is advantageous because this 
concentrates the transition metal impurities present in the rod very near the fiber's centerline 
where their negative impact is minimized. It should be recognized that for large amounts of 
material added to the doped clad, the peak concentration in the fiber could be 100 times less 
than the peak concentration in the small diameter glass rod. As indicated by step 146 of 
method 102, once formed, small diameter glass rod 144, according to this method, is further 
overclad, for example by inserting glass rod 144 into a centerline hole of an optical fiber 
preform 150 to form anassembly. Preferably, the optical fiber preform 150 is porous and 
comprised of glass soot as illustrated in FIG. 14. In FIG. 14, small diameter alkali-doped 
glass rod 144 is inserted into the centerline hole 148 of a porous glass soot core preform 150, 
as indicated by arrow 152, to form a composite preform assembly 155. Porous soot glass 
core preform 150 may be made by conventional methods. For example, porous soot core 
preform 150 may be manufactured by the outside vapor deposition method by depositing soot 
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onto a target rod. The target rod is removed from the porous glass soot preform, leaving a 
centerhne hole 148 extending longitudinally through the centerline of the preform 150. 
Porous soot core preform 150 may comprise one or more refractive index modifying dopants 
such as, for example, germania (Ge0 2 ). The porous soot optical fiber preform 150 may 
contain only core glass soot, or the porous soot optical fiber preform may comprise both core 
glass soot 149 and cladding glass soot 143 wherein the dividing line between the core and 
cladding glass soot, i.e., me substantial change in composition as measured relative to the 
cladding, is shown as dotted line 141 In other words, moving inwardly from the outside of 
the perform, the first significant change of composition signifies the start of the physical core. 
10084] FIG. 15 is an example of an optical fiber preform made by the method 102 
described with reference to Fig. 12. In particular, a germania-doped silica soot tube is formed 
by conventional OVD methods, i.e., depositing germania-doped, sihca-containing soot onto a 
rotating mandrel to form a germania-doped silica soot tube. The mandrel is removed, and the 
soot tube is then dried by exposing the germania-doped silica soot tube to a. chlorine- 
containing gas atmosphere. The dried soot tube is then preferably fluorine swept (by 
exposure to a F-containing gas atmosphere) to remove most (and preferably substantially all) 
the chlorine, respectively (as described in more detail below relative to Fig. 25). The soot 
tube is then consolidated to form a germania-doped vitrified suica-containing glass tube 
having preferably greater than 4 wt. % Ge0 2 . Optionally, the glass tube may be redrawn to a 
smaller diameter intermediate article tube. The glass tube (or the intermediate article tube) 
comprising silica and germania (GeO.) is then doped with an alkali metal oxide (e.g., K 2 0) in 
step 104 and collapsed in step 126 to form a large diameter solid silica glass core rod doped 
with alkali and germania. The large diameter solid glass core rod may be further preferably 
redrawn in optional step 128 into a small diameter glass core rod 144 having the preferred 
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diameter dimension (dl) described above. The small diameter glass core rod 144 comprising 
germania- and alkali-doped silica is then further overclad by inserting the rod into a 
centerline hole of a porous glass soot optical fiber preform 150 to form a composite optical 
fiber preform as shown in step 146 of FIG. 11. The porous soot optical fiber preform 150 is 
also preferably comprised of germania (Ge0 2 ) doped silica soot on the inner annular portion 
149 of the soot perform 150 representing the outer portion of the core and non-germania 
doped silica soot (preferably substantially undoped silica soot) on the outer annular portion 
143 of the soot perform 150 representing part of the cladding. The composite optical fiber 
preform 145 was appropriately chlorine dried and consolidated in step 164 onto the small 
diameter glass rod to form a consolidated optical fiber preform (the details of which are 
supplied with reference to FIG. 25). An optional fluorine-sweep may be employed prior to 
consolidation to remove any residual chlorine present in the soot perform 150. The fluorine 
sweep is preferably performed by subjecting the preform 150 to a fluorine-containing gas 
(such as SiF 4 or CF4 gas, for example) at a temperature of about 1000-1 150 °C preferably for 
about 90-150 minutes. In addition to substantially eliminating (sweeping) the chlorine 
present in the soot perform, the fluorine sweep slightly dopes the inner portion with fluorine 
to a small wt. % of fluorine of between 0.1 and 0.4 wt. %. By consolidated we mean heating 
the porous glass soot to a temperature which causes the glass soot to coalesce, thereby 
forming a solid, clear glass. The alkali-doped core perform rod is preferably further redrawn 
to form a second glass core rod article 144, as shown in step 166. It should be recognized 
that the doped glass rod article 144 includes a first portion 145 having a diameter d cor e 
corresponding to the core of the fiber and which includes a large concentration of alkali 
dopant, and a surrounding portion 147 having the diameter dl which corresponds to the inner 
part of the cladding (see enlarged view of FIG. 14). Preferably, d^re is less than or equal to 

BNSDOCID: <WO 2005021 455A2_I_> 



PO7US2004/028102 

WO 2005/021455 

36 

0 5 times dl such that - portion of .he cladding is inc.uded in the rod artiele. Again, the 
second rod 144 is overclad win, snica-containing^ass and consohdated .0 form a final draw 
perform. Most preferably, the overclad is provided by OVD or a rod-in-soot process (where 
ft. rod is inserted into a silica-containing glass soot ti.be) and consolidated, bn, may be 
optionally included by inserting the rod into a giasa sleeve ,0 form a final consolidate draw 
perform having a final consolidated outer dimension diameter (dZ). Preferab.y, the outer 
dimension (dl) of me glass article rod X44 is less man or etpral to 0.06 times the final outer 
dimension («) of me final consohdated draw perform (more preferably less man or equal to 
0.03 times me final outer dimension (d2)) urereby concentrating the alM dopant (the allcah 
metal oxide) near the center of the perform. 

10 0851 The consolidated optical fiber core preform produced was meaaured by using an 
election microprobe. The curves 153, 155 shown in FIG. 15 show exemplary concentrations 
of GeO, and K 2 C across a diamefa of me consolidafcd preform. The lines 157 and 159 
indicate me boundary between me smaU diamefcr glass rod and me consolidated soot. Upon 
consolidation of the final draw perform, an alkali- and gennania-doped optical fiber (See Fig. 

fa example) is men drawn fiom tire consolidated assembly in step 17. using conventional 
draw apparatus and methods or otherwise as described herein 

(0086) AcoerdingtoanaltemativemethoddescribedwimreferencemFig. 16,«hesmaU 

porous glass soo, 1*2 is deposited as overclad using an OVD memod, as is known in the art, 
to fam an assembly 160. A typical outside vapor deposition method is illustrated in FIG. 16. 
As shown in FIG. 1 6, a glass handle 154 is atiached to small diameter alkali-doped glass rod 
M4 manufectured as heretofore described and becomes an integral part of the resulting 
preform. Handle 154 provides a memod of porting the silica glass preform resulting fiom 
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the deposition process during later processing steps. The glass rod 144 having the attached 
handle 154 is mounted in a lathe where it is rotated and translated with respect to burner 156 
which may be, for example, of the type disclosed in U.S. Pat. 4,165,223. Fuel gas and 
oxygen, or air, are supplied to burner 156 from a source (not shown). This mixture is bumed 
to produce a flame which is emitted from burner 156. A silica precursor gas-vapor mixture is 
oxidized within the flame to form a silica-containing soot stream 158 which is directed 
toward glass rod 144. Suitable means for delivering the gas-vapor mixture to burner 156 are 
well known in the art; for an illustration of such means reference is made to U.S. Pat. Nos. 
3,826,560, 4,148,621 and 4,173,305. Burner 156 is generally operated under conditions that 
will provide acceptably high laydown rates and efficiency while minimizing the buildup of 
soot on the face thereof. Under such conditions, the flow rates of gases and reactants from the 
burner orifices and the sizes and locations of such orifices as well as the axial orientation 
thereof are such that a well focused stream of soot flows from burner 156 toward glass rod 
144. Composite soot preform 160 is formed by traversing glass rod 144 many times with 
respect to burner 156 to cause a build-up of many layers of silica soot-containing to form soot 
coating 162. The translating motion could also be achieved by moving burner 156 back and 
forth along rotating glass rod 144 or by the combined translational motion of both burner 156 
and glass rod 144. Soot coating 162 forms at least a portion of the core glass of the 
composite preform 160 which is preferably comprised of substantially pure silica. 
Preferably, the soot coating has a density greater than 0.35 g/cc, more preferably between 
about 0.35 g/cc and 0.5 g/cc. The composite preform 160 is then dried by exposing it to a 
chlorine-containing gas and heated in a furnace to consolidate the composite preform 160 to 
form a clear, solid glass consolidated optical fiber core preform indicated in step 164 of 
method 102. 
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[0087] The steps of drying and consolidating the composite preform to form an optical fiber 
core preform may be performed in accordance with the teachings of U.S. Patent No. 
4,165,223, or as otherwise described herein with respect to Fig. 25. During the consolidation 
step, the composite preform is preferably fluorine swept to remove the undesirable chlorine 
imparted in the initial drying process. This sweeping comprises exposure to a fluorine- 
containing gas but only in amounts that adds a small amount of fluorine (0.1 to 0.4 wt %), for 
example. The clear glass core preform may then be redrawn in a process similar to that 
process described supra and shown in step 166 of method 102 to form a second core rod, i.e. 
a glass rod which contains at least a portion of the core of an optical fiber drawn therefrom. 
The second core rod may include at least a portion of the cladding glass also. As shown by 
step 168 of method 102, the second core rod may be further processed by adding additional 
glass, either by sleeving with a glass tube (either a glass tube or soot tube), through 
depositing glass soot by chemical vapor deposition, for example, by both sleeving and 
chemical deposition, or through other methods as are known in the art, to form a complete 
optical fiber preform ready to be drawn into an optical fiber. The additional glass may 
comprise core glass, cladding glass or both core and cladding glass. Further, the additional 
glass may take several additional deposition steps to achieve the desired thickness, wherein 
after each step, the soot is dried, fluorine doped, consolidated and redrawn into a smaller 
diameter rod. In the case where the core consists substantially of silica doped with alkali 
(which may include a small amount of fluorine), the additional glass consists of an inner 
radial portion of substantially undoped silica (which may include a small amount of fluorine) 
and an outer radial portion (corresponding to fiber cladding) of silica preferably sufficiently 
down doped with fluorine by flood doping (see US 4,629,485). The doping is preferably 
sufficient to achieve a relative refractive index delta % between the core and the cladding of, 
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for example, greater than 0.2 %, and more preferably between 0.30 % and 0.40 %. In 
particular, for each additional step wherein moat silica (that additional glass corresponding 
with the cladding of the fiber) is added by deposition to the second rod, such moat silica is 
doped with fluorine. The moat soot is first dried by subjecting it to a cMorine-containing 
gas, and then exposed it to a fluorine-containing gas (e.g., SiF 4 or CF 4 ) for 60-120 minutes at 
1225°G and then consolidated by downdriving through the hot zone (of 1450-1500°C) at 7-10 
mm/min preferably in the presence of the fluorine-containing gas. This preform may be 
redrawn to form a third rod and the steps repeated again, i.e., deposition, drying, fluorine 
doping, and consolidation until the proper diameter final perform is achieved. Preferably, the 
fluorine wt. % in each successive layer of additional glass in the cladding is approximately 
the same or, more preferably, slightly less (approx. 0.1 to 0.5 wt % less) in the outermost 
cladding to minimize stress effects. After the complete optical fiber preform of step 168 is 
manufactured, the completed optical fiber draw preform is drawn into an alkali metal oxide 
doped optical fiber as indicated by step 170 of method 102. After each redraw step 
described herein, the rod is preferably D2 treated by exposing the rod to a deuterium 
atmosphere. Deuterium treatment is described in GB 2,149,392 and US 4,515,612 and US 
4,504,297. 

[0088] In accordance with another method embodiment 302 described with reference to the 
block diagram of FIG. 25, a germania- and alkali-doped step index single mode fiber is 
formed. The method 302 preferably includes the steps of first forming a germania-doped 
silica-containing glass soot tube in step 301. Soot tube is preferably formed by OVD by 
depositing silica-containing soot doped with the amount of germania dopant onto a rotating 
mandrel such that the desired refractive index is achieved in the fiber (e.g., 0.3 % to 0.4 % for 
a step index fiber). An annular shaped soot tube is thus formed by afterwards removing the 
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UDtaL Tie soot tube is then preferably dried in a drying step 303 by first preheating the 
perform for 60 minutes at 1000 °C in a helium environment Next, the gemania-doped silica 
son, tube is preferably exposed to a chlorme-containing (e.g., Cfe) gas atmosphere in a 
faeac, for about 60-120 minutes at a. emperature between about 1000-1150 °C. Most 
preferably, the atmosphere comprises a combination of helium and cUorme-containing gas 
wherein the volume flow of cUorme-containing gas is less than the volume flow rate of 
h eUum; preferably the volume flow of chlorme-contairung gas is less than 10% of the volume 
flow of helium; more preferably less man 2% (for example, 20 SLPM helium and 0.2 SLPM 
eUorine-confcuning gas). Following the chlorine dry step 303, the dried soot tube is 
preferably abo subjected to a fluorine sweep step 304 wherein the dried tube is subjected to a 
fluorine-containing ahnosphere (preferably comprising CF.orStF,) in a furnace at a 
temperaturebetween about 1000-1 WTC for aperiod of between about 90 - 150 minutes to 
further dry the preform._Most preferably, the fluorine containing atmosphere contains the 
fluorme^ntaining gas and an inert gas, such as helium. The volume flow of fluorine- 
containing gas is less than the volume flow rate of helium; preferably the volume flow of 
fluortae-containing gas is less man 10% of the volume flow of helium; more preferably less 
than 5% (for example, 20 SLPM helium and 0.4 SLPM fluorme-containing gas). This 
fluorine sweep treahnent in step 304 is done at a temperature below the consolidation 
temperature where only a small weight percent (about 0.1 to 0.4 wt % ) of fluorine is 
introduced and doped into the germania-doped sUica tube. The fluorine sweep is intended to 
minimize the amount of chlorine remaining in the soot perform. 

[0089] The dried and fluorine swept tube is preferably then consolidated in step 307_by 
exposing (by down driving the soot perform at about 7 mm/min) in a furnace having a ho. 
.one temperature between about 1450 and 1500 °C and an inert gas ahnosphere comprising, 
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for example, helium. This produces a germania-doped silica glass tube which is then alkali 
doped as previously described with reference to FIG. 12 in step 304. Prior to such doping, 
the tube may optionally be placed in a redraw furnace and drawn down to form an 
intermediate article in the form of a smaller diameter alkali-doped tube. 
[0090] Following the alkali doping, the glass tube or intermediate article is collapsed on the 
lathe by supplying sufficient heat from a heat source to form a glass article rod including 
silica doped with the alkali metal oxide and germania. Optionally, the rod may be redrawn in 
a redraw apparatus, in a step between steps 326 and 329, to an even smaller diameter rod as 
described above. Next additional silica-containing glass is added to the alkali-doped rod. For 
example, the small diameter alkali- and germania-doped rod may be inserted in step 326 into 
a soot preform 150 (Fig. 14) preferably having an inner annular portion 149 of germania- 
doped silica soot (corresponding to the outermost part of the core), and an outer portion 143 
(corresponding to the cladding) preferably made of substantially pure (undoped) silica soot 
This rod-in-soot tube assembly is chlorine dried and optionally fluorine swept and 
consolidated to form a final consolidated draw perform assembly in the same manner as 
described above for the germainia-doped soot tube. Finally, an alkali- and germania-doped 
single mode optical fiber is drawn from the consolidated draw preform; a representative 
refractive index profile of which is shown in FIG. 27. In the alkali-doped optical fiber 310, 
the core 312 consists essentially of germania, fluorine and alkali dopants whereas the 
cladding 316 consists essentially of undoped silica or slightly fluorine-doped silica. The 
maximum relative refractive index delta (Amax) for the example fiber 310 produced was 
about 0.43 % and the outer radius of the core 312 was about 53 jxm. 

[0091] In a first set of preferred optical fiber embodiments, optical fiber disclosed herein 
comprises a core and a cladding surrounding and directly adjacent the core, wherein the core 
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has an entirely non-negative, preferably positive, relative refractive index profile relative to 
the cladding. Preferably, the core comprises germania. 

[0092] In some preferred embodiments in the first set of preferred embodiments, the core 
consists of a single core segment, namely a central core segment, and a cladding surrounding 
and directly adjacent the central core segment, as represented by FIGS. 1 and 27 and 
variations of Ihese illustrative profiles, such as profiles having a step, rounded, alpha or 
triangular shape, as discussed hereinabove, wherein the central core segment has a positive 
refractive index Ax(r) relative to pure silica. As seen in FIG. 27, the relative refractive index 
of the fiber may include a diffusion tail which extends into the cladding, where the relative 
refractive index has an absolute magnitude less than 0.03%. In other preferred embodiments 
in the first set of preferred embodiments, the core comprises multiple core segments, such as 
a central core segment and a first annular core segment surrounding and directly adjacent the 
central core segment, and a cladding surrounding and directly adjacent the first annular core 
segment, wherein the central core segment has a non-negative, preferably positive, relative 
refractive index A x %(r) relative to the cladding, and wherein the first annular core segment 
pure silica, has a non-negative, preferably positive, relative refractive index A 2 %(r) relative to 
the cladding. 

[0093] In the first set of preferred embodiments, the core comprises an alkali metal oxide 
selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb.0, Cs 2 0 and mixtures thereof, 
with a peak alkali metal oxide concentration of between 20 and 300 ppm, preferably between 
20 and 200 ppm. The maximum alkali metal oxide concentration in the cladding is 
preferably less than 50 ppm, more preferably less man 1 0 ppm, even more preferably less 
than 5 ppm. Each of the core and the cladding comprises greater than 90 wt% Si02, 
preferably greater than or equal to 95 wt% SiQ2. Fabrication of an optical fiber according to 
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one or more of the methods disclosed herein may cause a small amount of fluorine to remain 
in the core, for example as a result of fluorine sweeping a preform, or part of a preform, prior 
to introduction of an alkali metal oxide therein. The core comprises preferably less than 0.2 
wt% fluorine, more preferably less than 0.1 wt% fluorine, and in some preferred 
embodiments comprises no fluorine. The core comprises preferably less than 3000 ppm 
chlorine, more preferably less than 2000 ppm chlorine, and in some preferred embodiments 
comprises between 500 ppm and 2000 ppm chlorine as a result of fabrication according to 
one or methods disclosed herein. 

[0094] In some preferred embodiments of the first set, the core comprises germanium 
oxide and an alkali metal oxide selected from the group consisting of K 2 0, Na 2 6, Li0 2 , 
Rb 2 0, Cs 2 0 and mixtures thereof, with a peak alkali metal oxide concentration of between 20 
and 300 ppm, preferably between 20 and 200 ppm, and even more preferably between 30 and 
150 ppm; in various preferred embodiments, the core further comprises a peak relative 
refractive index , Amax, > 0.2%, and in other preferred embodiments, the core further 
comprises a peak relative refractive index , Amax, between 0.2 and 0.5%, and in still other 
preferred embodiments, the core further comprises a peak relative refractive index , Amax, 
between 0.3 and 0.45%. 

[0095] In other preferred embodiments of the first set, optical fiber disclosed herein 
comprises a single core segment, namely a central core segment, and a cladding surrounding 
and directly adjacent the central core segment, wherein the core has a positive refractive 
index Ai(r) relative to pure silica, and wherein the core comprises germanium oxide and an 
alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and 
mixtures thereof, with a peak alkali metal oxide concentration of between 20 and 300 ppm, 
preferably between 20 and 200 ppm, and even more preferably between 30 and 1 50 ppm; 
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wherein the core Anther comprises a peak relative refractive index , Ak^, between 0.2 and 
0.5%, preferably between 0.25 and 0.45%, and the maximum alkali metal oxide 
concentration in the cladding is preferably less than 50 ppm, more preferably less man 10 
ppm , and even more preferably less man 5 ppm. The optical fiber comprises g^er man 90 
wt% Si02, preferably greater man or equal to 95 wt% Si02. The core comprises preferably 
[ess man 0.2 w«% fluorine, more preferably leas man 0. 1 wt% fluorine, and in some preferred 
embodiments comprise, no fluorine. The core comprises preferably less than 3000 ppm 
chlorine, more preferably less than 2000 ppm chlorine, and in some preferred embodiments 
comprises between 500 ppm and 2000 ppm chlorine. 

[0096] In still other preferred embodiments of the first set, optical fiber disclosed herein 
comprises a single core segment namely a cental core segment, and a cladding surrounding 
and direcfly adjacent the central core segment, wherein the core comprises germanium oxide 
and K 2 0, with a peak KzO concentration of between 20 and 300 ppm, preferably between 20 
and 200 ppm, and even more preferabiy between 30 and 150 ppm; wherein the core further 
comprises a peak relative refractive index, W between0.2 and 0.5%, preferably between 
0.25 and 0.45%, and the maximum KaO concentration in the cladding is preferably less than 
, 0 ppm, more preferably less than 5 ppm. The optical fiber comprises greater than 90 wt% 
Si02, preferably greater man or equal to 95 wr% SiD2. The core comprises preferably less 
Aran 0.2 wt% fluorine, more preferably less than 0.1 wt% fluorine, and in some preferred 
embodiments comprises no fluorine. The core comprises preferably less than 3000 ppm 
chlorine, more preferably less than 2000 ppm chlorine, and in some preferred embodiments 
comprises between 500 ppm and 2000 ppm chlorine. 

[0097] In accordance with another preferred method embodiment of the invention, an option! 
fiber having an alkali-doped silica core and fhrorine-doped cladding is manufactured. Aa 
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shown in FIG. 26, the method 402 includes forming a tube consisting essentially of silica soot 
in step 401. The only difference between this tube and the previously described tube from 
step 301 of FIG. 25 is that it is preferably substantially pure (undoped) silica soot, but which 
may include small amounts of fluorine from fluorine sweeps to remove chlorine. The 
chlorine dry, fluorine sweep, consolidation, alkali doping and collapsing steps 403, 405, 407, 
404, and 426 are the same as described for the method of Fig. 25, except that the resultant 
collapsed rod is silica doped only with alkali and a slight amount of fluorine (approx. 0.1 to 
0.4 wt%) resulting from the fluorine sweep. The rod may be optionally etched and/or may 
further redrawn into a smaller diameter alkali-doped rod. 

[0098] In step 429, the rod is then inserted into a siHca-containing soot tube (preferably also 
fluorine swept) to form a rod-in-soot assembly wherein the soot tube preferably corresponds 
to and makes up the remaining portion of the fiber's silica core. In particular, the soot tube 
includes substantially the same processing and substantially the same levels of fluorine as 
does the rod; the rod and the tube represent each include a small weight percent of fluorine 
due to the fluorine sweep. This rod-in soot assembly is dried, preferably fluorine swept 
again, and consolidated in step 431 in the manner discussed previously for step 331 to form a 
consolidated assembly. This consolidated assembly is then preferably again redrawn in step 
466 to a smaller diameter core rod (sometimes referred to as a cane) of about 15 mm in 
diameter dimension. Overclad silica soot is then added to the core cane, such as by 
depositing it onto the core cane by OVD in step 468. This soot is then dried, flood doped with 
fluorine (as taught in US 4,629,485), and consolidated in step 467 to add additional fluorine- 
doped glass onto the consolidated assembly. The fluorine doping occurs in consolidation 
furnace by exposing the soot to a fluorine-containing gas (SiF 4 or CF4) at a temperature of 
about 1225°C for between about 60 and 120 minutes, after which the doped soot is 
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consolidated by raising the furnace temperature to about 1450 and 1 500°C and exposing the 
soot to that temperature in a down drive sinter for between about 7 to 10 minutes. The 
fluorine gas maybe stopped prior to consolidation (and only helium used) or continue to flow 
as the perform undergoes consolidation in combination with the helium. Steps 466, 468, and 
467 are repeated in block 472 to add an additional amount of overcladding to achieve the 
desired core/clad ratio. _A representative example fiber having an alkali-doped silica core 
and fluorine-doped cladding is then drawn utilizing a conventional draw apparatus and 
method. The fiber made in accordance with this method 402 is shown in FIG. 28. This fiber 
446 includes a core 448 including alkali-doped silica and a cladding 450 of fluorine-doped 
silica. The core 448 includes a small wt % of fluorine from the fluorine sweep. 
[0099] In a second set of preferred optical fiber embodiments, optical fiber disclosed 
herein comprises a core and a cladding surrounding and directly adjacent the core, wherein 
the core has an entirely non-negative, preferably positive, relative refractive index profile 
relative to the cladding. Preferably, the core contains essentially no germania, more, 
preferably the core contains no germania. 

[00100] In some preferred embodiments in the second set of preferred embodiments, the 
core consists of a single core segment, namely a central core segment, and a cladding 
surrounding and directly adjacent the central core segment, as represented by FIG. 1 and 
variations of the illustrative profile of FIG. 1, such as profiles having a step, rounded, alpha 
or triangular shape, as discussed hereinabove, wherein the central core segment has a positive 
refractive index A,(r) relative to the cladding. In otfrer preferred embodiments in the second 
set of preferred embodiments, the core comprises multiple core segments, such as a central 
core segment and a first annular core segment surrounding and directly adjacent the central 
core segment, and a cladding surrounding and directly adjacent the first annular core 
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segment, wherein the central core segment has a non-negative, preferably positive, relative 
refractive index Aj%(r) relative to the cladding, and wherein the first annular core segment 
pure silica, has a non-negative, preferably positive, relative refractive index A2%(r) relative to 
the cladding. 

[00101] In the second set of preferred embodiments, the core comprises an alkali metal 
oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures 
thereof, with a peak alkali metal oxide concentration of between 20 and 1000 ppm, preferably 
between 20 and 700 ppm, and even more preferably between 20 and 500 ppm. The 
maximum alkali metal oxide concentration in the cladding is preferably less than 200 ppm, 
more preferably less than 50 ppm. The optical fiber comprises a concentration of fluorine of 
at least 0.02 wt%, preferably greater than 0.15 wt%, and preferably has a maximum 
concentration of fluorine between 0.5 and 0.15 wt%. The core comprises between 0.1 and 
0.4 wt% fluorine, more preferably between 0. 15 and 0.4 wt% fluorine, and in some preferred 
embodiments between 0.2 and 0.3 wt%. The core comprises preferably less than 500 ppm 
chlorine, more preferably less than 300 ppm chlorine, and in some preferred embodiments 
comprises less than 200 ppm chlorine. The cladding comprises greater than 0.5 wt% 
fluorine, preferably greater than 1 wt% fluorine, and in some preferred embodiments between 
1 and 2 wt% fluorine. 

[00102] In some preferred embodiments in the second set, the core comprises fluorine and 
an alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 
and mixtures thereof, with a peak alkali metal oxide concentration of between 20 and 1000 
ppm, preferably between 20 and 700 ppm, even more preferably between 20 and 500 ppm, 
and still more preferably between 100 and 500 ppm; the core further comprises a peak 
relative refractive index , A%(r), (relative to the cladding) > 0.2%, and in other preferred 
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embodiments, and the core further comprises a peak relative refractive index , Amax, between 
0.2 and 0.5%, and in still other preferred embodiments, the core further comprises a peak 
relative refractive index . Amax, between 0.3 and 0.4%. The cladding comprises at least 0.02 
wt% fluorine, preferably greater than 0.15 wt% fluorine, and has a maximum fluorine 
concentration of between 0.5 and 1.5 wt%. 

[00103] In other preferred embodiments in the second set, optical fiber disclosed herein 
comprises a single core segment, namely a central core segment, and a cladding surrounding 
and directly adjacent the central core segment, wherein the cladding has a negative refractive 
index relative to pure silica, and wherein the core comprises fluorine and an alkali metal 
oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb.0, Cs 2 0 and mixtures 
thereof, with apeak alkali metal oxide concentration of between 20 and 1000 ppm, preferably 
between 20 and 500 ppm, even more preferably between 100 and 400 ppm; wherein the core 
further comprises a peak relative refractive index (relative to the cladding), Amax, between 
0.2 and 0.5%, preferably between 0,3 and 0.4%, and the maximum alkali metal oxide 
concentration in the cladding is preferably less than 200 ppm, more preferably less than 50 
ppm. The optical fiber comprises greater than 90 wt% Si02, preferably greater than or equal 
to 95 wt% Si0 2 . The core comprises preferably less than 500 ppm chlorine, more preferably 
less than 300 ppm chlorine, and in some preferred embodiments comprises less than 200 ppm 
chlorine. 

[00104] In still other preferred embodiments in the second set, optical fiber disclosed herein 
comprises a single core segment, namely a central core segment, and a cladding surrounding 
and directly adjacent the central core segment, wherein the cladding has a negative refractive 
index AcladW relative to pure silica, and wherein the core comprises fluorine and an alkali 
metal oxide selected from the group consisting of K 2 0, Na 2 0, LiQ 2 , Rb 2 0, Cs 2 Q and 
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mixtures thereof, with a peak alkali metal oxide concentration of between 100 and 400 ppm, 
preferably between 200 and 300 ppm; wherein the core further comprises a peak relative 
refractive index (relative to the cladding), Amax, between 0.2 and 0.5%, preferably between 
0.3 and 0.5%, more preferably between 0.3 and 0.4%, and the maximum alkali metal oxide 
concentration in the cladding is preferably less than 200 ppm, more preferably less than 50 
ppm. The optical fiber comprises greater than 90 wt% SiC>2, preferably greater than or equal 
to 95 wt% Si0 2 . The core comprises preferably less than 500 ppm chlorine, more preferably 
less than 300 ppm chlorine, even more preferably less than 200 ppm, and in some preferred 
embodiments comprises less than 50 ppm chlorine. 

[00105] In yet other preferred embodiments in the second set, optical fiber disclosed herein 
comprises a single core segment, namely a central core segment having a positive refractive 
index profile relative to the cladding and a negative refractive index profile relative to pure 
silica, and a cladding surrounding and directly adjacent the central core segment, wherein the 
cladding has a negative refractive index profile relative to pure silica, and wherein the core 
comprises fluorine and potassium oxide, with a peak potassium oxide concentration of 
between 100 and 400 ppm, preferably between 200 and 300 ppm; wherein the core further 
comprises a peak relative refractive index (relative to the cladding), Amax, between 0.2 and 
0.4%, preferably between 0.3 and 0.4%, and the maximum potassium oxide concentration in 
the cladding is preferably less than 200 ppm, more preferably less than 50 ppm. The optical 
fiber comprises greater than 90 wt% Si02, preferably greater than or equal to 95 wt% Si02. 
The core comprises preferably less than 500 ppm chlorine, more preferably less than 300 
ppm chlorine, even more preferably less than 200 ppm, and in some preferred embodiments 
comprises less than 50 ppm chlorine. 
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[00106] In a third set of preferred embodiments, an optical fiber comprises a core 
comprising an alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , 
Rb 2 0, Cs 2 0 and mixtures thereof, wherein the core is disposed about a longitudinal 
centerline; and a cladding surrounding and directly adjacent the core; wherein the fiber 
comprises an impurity substantially confined to a centermost region of the core. The optical 
fiber has an attenuation at 1550 nm less than 0.20 dB/km, preferably less than 0.19 dB/km, 
more preferably less man 0.185 dB/km, even more preferably less than 0.180 dB/km 
Preferably, the core comprises less than about 100 ppb by wt. "OH. Preferably, the impurity 
has a peak impurity concentration inside the centermost region which is at least 20% greater 
than any impurity concentration in the fiber located outside the centermost region; in some 
embodiments, the impurity concentration in the fiber located outside the centermost region is 
zero. The impurity can be an impurity selected from the consisting of a transition metal, a 
crystallized alkali compound, and an occlusion, and combinations or mixtures thereof. 
[00107] In some embodiments of the third set, the optical fiber comprises a core comprising 
an alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , RbiO, Cs 2 0 
and mixtures thereof, wherein the core is disposed about a longitudinal centerline, and a 
cladding surrounding and directly adjacent the core, wherein the core further comprises a 
centermost region comprising a transition metal with a peak transition metal concentration, 
and wherein the fiber outside of the centermost region has a maximum transition metal 
concentration of less than 20% of the peak transition metal concentration inside the 
centermost region. In various embodiments, the maximum transition metal concentration 
outside the centermost region is zero. Preferably, the centermost region extends between the 
centerline and a radius less than 5 urn. Preferably, the concentration of the transition metal is 
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less than about 0.01 mol % for all radii greater than 5 um. In some embodiments, the peak 
concentration of the transition metal in the centermost region is greater than about 0.1 mol %. 
[00108] In other embodiments in the third set, an optical fiber comprises a core comprising 
an alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 
and mixtures thereof, wherein the core is disposed about a longitudinal centerline, and a 
cladding surrounding and directly adjacent the core, wherein the optical fiber comprises a 
transition metal having a peak concentration of greater than about 0.1 mol % between the 
centerline and a radius less than 5 urn, and wherein the concentration of the transition metal is 
less than about 0.01 mol % for all radii greater than 5 um. 

[00109] In all of the embodiments disclosed herein, the optical fiber preferably comprises a 
primary coating surrounding and in direct contact with the outermost diameter of the 
cladding, and a secondary coating surrounding and in direct contact with the primary coating. 
[00110] In some preferred embodiments of the optical fiber disclosed herein, the optical 
fiber further comprises an outermost hermetic coating on its exterior. The exterior hermetic 
coating preferably surrounds and is in direct contact with the secondary coating. In one 
preferred embodiment, an optical fiber disclosed herein comprises a germania- and K 2 0- 
doped core, a cladding surrounding and in direct contact with the core, a primary coating 
surrounding and in direct contact with the cladding, a secondary coating surrounding and in 
direct contact with the primary coating, and a hermetic coating surrounding and in direct 
contact with the secondary coating. U.S. Patent No. 5, 1 52,8 1 7 describes a method and 
apparatus for producing a hermetically coated optical fiber. 
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Example 1 

[001111 A K 2 Odoped glass core rod was formed in accordance with the method described 
with reference to Fig. 1 1 herein above. As shown in FIG. 17, the glass core rod had a K 2 0 
concentration 164 as a function of radius that approximated a Gaussian curve. The curve 166 
indicates the relative refractive index of the glass rod with respect to pure silica. The starting 
tube for the K 2 0 diffusion was pure (undoped) silica. The core rod had a K 2 0 concentration 
164 having a maximum at about the centerline 168 of the rod of about 1 wt. %. The portion 
171 corresponding to the outer portion of the rod is preferably substantially devoid of alkali 
doping. In particular, the doping is such that the outer half portion of the rod has the lowest 
concentration of alkali and the inner half portion has the greatest concentration. More 
particularly, it is preferred that the peak concentration in the outer half portion has less than 
50% of the alkali dopant peak concentration in the inner half; more preferably less than 25%. 

Example 2 

[00112] A Na 2 0-doped glass rod was formed in a method as described herein above with 
reference to Fig. 11. As shown in FIG. 18, the glass rod had a Na 2 0 concentration 170 as a 
function of radius that approximated a Gaussian curve. The curve 172 indicates the relative 
refractive index of the glass rod with respect to pure silica. The rod had a Na 2 0 
concentration 170 having amaximum at about the centerline 174 of the glass rod of greater 
than 2 wt. %. 

Example 3 

[00113] A silica tube was doped with K 2 0 using the method disclosed herein and as 
depicted in FIG. 12. The alkali metal source compound 110 was KI. Burner 114 was used to 
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heat the KI to a temperature of between about 1 100°C to 1200°C. Burner 124 was traversed 
along tube 106 at a speed of about 220 mm/min in a forward direction and 400 mm/min in a 
reverse direction until the alkali metal source compound 110 was vaporized. Reservoir 108 
was cut from tube 106 and tube 106 was collapsed to form a first glass rod. The first glass 
rod was etched in 49% HF for 13 hours. The first glass rod was then placed in a lathe and 
silica glass soot was deposited on the first glass rod in a conventional outside vapor 
deposition process to form a first composite glass article. The first glass article was 
consolidated, dried and F-doped by conventional consolidation doping, and then drawn to 
form a second glass rod. The second glass rod was measured with a microprobe across a 
diameter of the rod. FIG. 19 depicts the concentrations of K 2 0, curve 176, CI, curve 178, and 
F, curve 180 across a diameter of the second glass rod. The second glass rod was placed in a 
lathe and additional silica soot was deposited on the second glass rod to form a second 
composite glass article. The second glass article was consolidated, dried and F-doped by 
conventional methods, and then drawn to form a third glass rod. The third glass rod was 
placed in a lathe and silica soot was deposited on the third glass rod in a conventional outside 
vapor deposition process to form a fourth composite glass article. The fourth composite glass 
article was consolidated, dried with CI gas, and F-doped during consolidation to form an 
optical fiber preform ready for drawing into an optical fiber (draw preform). The optical 
fiber draw preform was drawn into an optical fiber at 7 m/s at a fiber tension of 70 g. The 
optical fiber had a cutoff wavelength (as determined on a 2 meter length of fiber) of 1 1 50 nm, 
and an attenuation of 0.17 dB/km at 1550 nm. A microprobe analysis of the optical fiber was 
made, and a plot of the dopant concentrations in the optical fiber as a function of radius is 
shown in FIG. 20, wherein curve 182 represents the concentration of K 2 0 in wt. % and curve 
184 represents the concentration of F in wt. %. 
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Example 4 

[00114] Another optical fiber was manufactured by doping a glass tube with Ge0 2 . The 
glass tube was then doped with K 2 0 by the diffusion method described herein, collapsed and 
drawn into a K 2 0-Ge0 2 doped glass rod. The glass rod was overclad by depositing glass soot 
on the rod in a conventional outside vapor deposition method, and then consolidated 
conventionally to form an optical fiber draw preform. The overclad soot was doped with F 
during the consolidation process. The draw preform was drawn into a single-mode optical 
fiber having a step index core with a peak relative refractive index %A for the core of about 
0.75%. The optical fiber had an attenuation of 0.228 dB/km at 1550 nm. A microprobe 
analysis of the optical fiber was made, and a plot of the dopant concentrations in the optical 
fiber as a function of radius is shown in FIG. 21, wherein curve 186 represents the 
concentration of K 2 0 in wt. %, curve 188 represents the concentration of F in wt. %, and 
curve 190 represents the concentration of Ge0 2 in wt. % 

Example 5 

[00115] A Si0 2 glass tube containing Ge02 was doped with K 2 0 in accordance with the 
present invention. The tube was collapsed by heating the tube with a traversing H2/O2 burner 
flame to form a solid, large diameter glass rod having a diameter of between about 15 mm 
and 17 mm. The burner flame was traversed at between about 1.5 cm/min and 2 cm/min. 
The flame temperature was between about 2150°C and 2200°C. The outside of the large 
diameter glass rod was etched for about 8 hours in a 49% HF solution to remove impurities at 
the surface of the rod. The peak amount of K 2 0 in the large diameter glass rod was between 
about 1 .5% wt % and 2 wt %. The large diameter glass rod had a relative refractive index 
between about 0.35% and 0.4% relative to pure silica. The large diameter glass rod was then 
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drawn by conventional drawing methods to obtain a small diameter glass rod having a 
diameter of about 6 mm. The small diameter glass rod was cut into multiple sections. A 
porous glass soot core preform was manufactured by an outside vapor deposition method 
wherein glass soot was deposited onto a target, or bait rod. The porous glass soot core 
preform contained core glass soot and at least a portion of the cladding glass soot Once the 
porous soot preform was formed, the target rod was removed, leaving a hole along the 
centerline of the preform. The small diameter glass rod comprising K2O and Ge02 was 
inserted into the centerline hole of the porous glass soot preform to form a first composite 
preform. The first composite preform was then consolidated in a conventional consolidation 
furnace to form a consolidated core preform. The consolidated core preform was drawn in a 
conventional redraw furnace to form a second glass core rod. The second glass core rod was 
cut into multiple sections. A first core rod section was placed in a glass forming lathe, and 
additional cladding glass soot was deposited onto the first core rod to form a second 
composite preform. The second composite preform was consolidated in a conventional 
consolidation furnace to form a consolidated draw preform. The draw preform was then 
drawn into optical fiber by conventional methods to form an optical fiber having a core doped 
with K2O and Ge02. The remaining second glass core rod sections were processed in a 
similar manner to obtain draw preforms, and the draw preforms were drawn into optical 
fibers. The optical fibers were measured for optical loss (attenuation) using both a spectral 
attenuation measurement bench according to EIA/TIA FOTP-78 and by optical time domain 
reflectometry (OTDR) EIA/TIA FOTP-60. The subsequent measurement results are 
provided in the Table 1 below. In the Table 1, MFD denotes the mode field diameter of the 
optical fiber measured at a wavelength of 1 3 1 0 nm, the cutoff wavelength of the fiber is the 
cutoff wavelength as measured on a 2 meter length of fiber according to EIA/TIA FOTP-80. 

BNSDOCID: <WO 200502 1455A2 J _> 



WO 2005/021455 



PCT/US2004/028102 



56 



Fiber 



Table 1 



Draw 
Speed 
(m/s) 



Attenuation 
dB/km@ 
1550 nm 
(OTDR) 



Attenuation 
dB/km @ 
1550 nm 
(Spectral) 



MFD 

@ 

1310 
nm 



Fiber 

Cutoff 

Wavelength 

(nm) 



Zero 

Dispersion 
Wavelength. 
(nm) 



Zero 

Dispersion 
Slope 

(ps/nm 2 /km) 



20 



0.1830 



0.185 



9.55 



1508.8 
1427.4 



1308.1 
1309.1 



0.088 
0.088 



20 



0.1783 



0.176 



9.60 



20 



0.1821 



0.175 



9.25 



1518.3 



1316.1 



0.086 



10 



0.1853 



0.184 



9.27 



1518.7 



1317.4 



0.086 



10 



0.1799 



0.183 



9.31 



1302.7 
1189.5 



1320.9 



0.085 



1_ 

8 



10 



0.1827 



0.182 



20 
20 



0.1827 
0.1809 



0.180 
0.177 



9.24 



1322.6 



9.37 
9.24 



1200.2 
1311.1 



1323.5 
1318.5 



0.084 
0.085 
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Example 6 

[00116] A first silica glass tube was doped with Rt^O in accordance with the method 
disclosed herein. The tube was heated and collapsed to form a solid glass core rod. A second 
silica glass tube was doped with CS2O, also in accordance with the method disclosed herein. 
The second glass rod was further heated and collapsed to form a second solid glass core rod 
doped with CS2O. Both the Rb^O-doped glass core rod and the Cs20-doped glass core rod 
were measured by electron microprobe across a portion of the diameter of the glass rods near 
the centerline of each rod. The concentrations of Rb20 and CS2O across the measured 
diameters of each glass rod are indicated in FIG. 22 and FIG. 23, respectively. In FIG. 22, 
curve 192 depicts the concentration of Rb20 across a portion of the diameter of the glass core 
rod, and curve 194 depicts the concentration of F. In FIG. 23, curve 196 depicts the 
concentration of CS2O across a portion of the diameter of the glass core rod, and curve 198 
depicts the concentration of F. 

Example 7 

[00117] A core rod from Example 5 supra was used to make an optical fiber. The optical 
fiber had a refractive index profile and a concentration of K2O as indicated in FIG. 24. In 
FIG. 24, the curve 200 denotes the core refractive index profile and curve 202 denotes the 
concentration of K 2 0 as a function of radius. The optical fiber had an attenuation of 0. 1 827 
dB/km at 1550 nm when measured via optical time domain reflectometry (OTDR), and a 
mode field diameter of 9.52 \xm at 13 10 nm. The optical fiber also had cutoff wavelength of 
about 1519 nm, a zero dispersion wavelength of 1308.2 nm, and a dispersion slope at the zero 
dispersion wavelength of 0.088 ps/nm 2 /km. The optical fiber was drawn at a draw speed of 
10 m/s and a fiber tension of 150 g. 
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EXAMPLE 8 



[00118] FIG. 3 1 shows a relative refractive index profile of an optical fiber belonging to the 
first set of preferred optical fiber embodiments disclosed herein which was fabricated 
according to the method represented by FIG. 25. Amax = 0.41%, the half-height peak width, 
HHPW, is 4.4 Kim, RCORE = 7. 1 urn, and the cladding extends to a radius of 62.5 urn. A 
diffusion tail extends into the cladding from 7.1 urn up to about 22 urn. 
[00119] FIG. 32 shows the concentration profiles of K 2 0, Ge0 2 , F, and CI measured in the 
fiber of FIG. 31. Table 2 summarizes FIG. 32. 



Table 2 




Core 


Cladding 


Maximum K 2 0 


$m 


48 


15 


Maximum Ge0 2 


wt% 


7.6 


0.12 


Maximum F 


wt% 


0.12 


0.03 


Minimum CI 


wt% 


0.016 


0.08 


Maximum CI 


wt% 


0.12 


0.22 



[00120] Table 3 lists the measured properties of the optical fiber of FIGS. 3 1 



Table 3 






Length 


meters 


7797 


Attenuation at 13 10 nm 


dB/km 


0.326 


Attenuation at 1380 nm 


dB/km 


0.959 


Attenuation at 1410 nm 


dB/km 


0.454 


Attenuation at 1550 nm 


dB/km 


0.183 


Attenuation at 1625 nm 


dB/km 


0.193 


Mode Field Diameter at 1310 nm 


|im 


9.52 


Fiber Cutoff 


pm 


1519 


Zero Dispersion Wavelength 


nm 


1308 


Dispersion Slope at 1310 nm 


ps/nm^-km 


| 0.088 
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EXAMPLES 9, 10, 11 

[00121] FIG. 33 shows the concentration profile of K z O in the fiber of Example 8 
(represented by FIG. 31) as well as the concentration profiles of K 2 0 in optical fibers, 
Examples 9-11, which were otherwise generally similar to Example 8, except for the K 2 0 
dopant profile. Table 4 fists the peak concentration and half peak height width of the K 2 0 
profiles as well as the corresponding measured attenuation at 1550 nm for Examples 8-11. 
Example 1 1 had the lowest K 2 0 peak, lowest K 2 0 profile, and highest attenuation. We found 
that reductions in attenuation attributable to the presence of K 2 0 dropped off for peak K 2 0 
concentrations less than about 20 ppm. 



Table 4 




Example 8 


Example 9 


Example 10 


Example 1 1 


Maximum K 2 0 





48 


22 


19 


14 


HHPWK 2 0 


um 


5.4 


5.9 


5.4 


5.8 


Attenuation at 1550 nm 


dB/km 


0.183 


0.179 


0.180 


0.198 



Example 12 

[00122] FIG. 34 shows a relative refractive index profile of a representative optical fiber 
belonging to the second set of preferred embodiments disclosed herein which was fabricated 
according to the method represented by FIG. 26. Amax = 0.33%, the half-height peak width, 
HHPW, is 4.4 |im 5 RCORE = 4.7 nm, and the cladding extends to a radius of 62.5 pm. The 
average concentration of K 2 Q in the core is 250 ppm, 
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[00123 J Table 5 lists the measured properties of the optical fiber of FIG. 34: 



TableS 




Spectral Attenuation 




nm 


C\ ORQ HR/lfm 

\J,jLO*s LIXJ/ JVJ 1 1 


1550 nm 


fi 1 ^7 rVR/lcm 

U. IU/ U-L>/ ivU 1 


lOZD Tim 


0 1 dB/km 


Chromatic Dispersion 




Lambda Zero 


1296 nm 


1310nm 


l.l9ps/(nm-km) 


1550 nm 


17.23 ps/fam-km) 


1625 nm 


21.11 ps/(nm*km) 


Slope (a), Lambda Zero 


0.0861 ps/nm z -km 


Slope® 1550 nm 


0.0543 ps/nm z -km 


Mode Field Diameter 




1310nm 


8.90 Mm 


1550 nm 


10.22 pin 


Fiber Cutoff 


1298 nm 



EXAMPLES 13 to 17 
[001241 Additional representative optical fibers belonging to the second set of preferred 
embodiments disclosed herein were fabricated according to the method represented by FIG. 
26 with a refractive index profile similar to FIG. 34. Example 18, a comparative optical 
fiber with a high K 2 0 concentration in the core, was also fabricated and measured. 
[00125] Table 6 lists measured values for Examples 13 to 18: 



Table 6 
Example 

Avg K 2 0 (ppm) 

MinCoreF(wt%) 

Min Clad F (wt%) 

Max Clad F (wt%) 















13 


14 


15 


16 


17 


18 


109 


176 


220 


220 


222 


462 




0.026 


0.14 


0.16 


0.17 


0.12 






1.08 


1.17 


1.04 


1.12 






1.43 


1.49 


1.41 


1.49 
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Max Core CI (wt%) 




0.013 


0.025 


0.025 


0.022 


0.029 


/vttenuauon (via kj i ljik) {uj, 
13l0nm(dB/km) 


0.307 




0.295 




0.295 




Attenuation (via OTDR^ (a) 
I 1550nm(dB/km) 


0.178 




0.169 




0.171 




Attenuation (via Spectral) 
@ 1310nm(dB/km) 


0.307 


! 0.281 


0.296 


0.295 


0.296 


0.659 


Attenuation (via Spectral) 
@ 1550nm(dB/km) 


0.178 


0.165 


0.17 


0.169 


0.17 


0.528 



The comparative Example 18 had a high measured attenuation at 1550 nm. 
[001261 FIG. 35 shows the concentration profile of K 2 0, F, and CI of Example 15. The 
peak concentration of K2O in the core is 400 ppm, and the full-width half maximum 
(FWHM) of the K 2 0 concentration profile is 4.8 jxm. 

[00127] It will be apparent to those skilled in the art that various modifications and 
variations may be made to the present invention without departing from the spirit and scope 
of the invention. Thus it is intended that the present invention cover the modifications and 
variations of this invention provided they come within the scope of the appended claims and 
their equivalents. 
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What is claimed is: 

1. An optical fiber comprising: 

a silica-based core comprising a first dopant selected from the group consisting of 
germania and fluorine and mixtures thereof, and an alkali metal oxide selected from the 
group consisting of K 2 0, Na 2 0, Li0 2 , RbaO. Cs 2 0 and mixtures thereof, in a peak 
concentration between 20 and 1000 ppm; and 

a silica-based cladding surrounding and directly adjacent the core; 

wherein the attenuation at 1550 nm is less than 0.1 85 dB/km. 

2. The optical fiber of claim 1 wherein the attenuation at 1550 nm is less than 0.18 dB/km. 

3. The optical fiber of claim 1 wherein the attenuation at 1550 nm is less than 0.17 dB/km. 

4. The optical fiber of claim 1 wherein the attenuation at 1550 nm is less than or equal to 

r 

0.167 dB/km. 

5. The optical fiber according to claim 1 wherein the concentration of alkali metal oxide in 
the core decreases with a radius of the optical fiber. 

6. The optical fiber according to claim 1 wherein the peak concentration of alkali metal 
oxide in the core is greater than about 0.002 wt% and less than about 0.07 wt %. 

7. The optical fiber according to claim 1 wherein the alkali metal oxide concentration at a 
radius equal to a mode field radius of the optical fiber is at least about 0.0001 wt. %. 

8. The optical fiber according to claim 1 wherein the core comprises Ge0 2 . 

9. The optical fiber according to claim 1 wherein the core comprises no Ge0 2 . 

10. The optical fiber according to claim 9 wherein the core comprises a single segment. 
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1 1 . The optical fiber according to claim 1 wherein the core comprises a plurality of 
segments. 

12. The optical fiber according to claim 1 wherein the cladding comprises F. 

1 3 . The optical fiber according to claim 1 wherein the peak amount of alkali metal oxide in 
the core is greater than about 0.002 wt% and less than about 0.05 wt %. 

14. The optical fiber according to claim 1 further comprising an exterior hermetic coating. 

15. The optical fiber according to claim 1 wherein the first dopant is germania and the 
optical fiber further comprises an exterior hermetic coating. 

1 6. The optical fiber according to claim 1 wherein the core has a graded refractive index 
profile and the optical fiber is a multimode fiber. 

1 7. The optical according to claim 1 wherein the dispersion at 1550 nm is between 1 and 6 
ps/nm-km. 

18. The optical according to claim 1 wherein the dispersion at 1550 nm is between 6 and 15 
ps/nm-km. 

19. An optical fiber, comprising: 

a core comprising GeC>2 and an alkali metal oxide selected from the group consisting of 
K 2 0, Na 2 C>, Li02, Rb 2 0, Cs 2 0 and mixtures thereof, and 

wherein a refractive index profile of the optical fiber is selected to provide a total 
dispersion greater than about 1 ps/mn/km at 1550 nm, and a dispersion slope less than about 
0.10 ps/nm 2 /km at the zero dispersion wavelength. 

20. The optical fiber according to claim 19 wherein the total dispersion is greater than about 
6 ps/nm 2 /km at 1550 nm. 
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21. The optical fiber according to claim 19 further comprising an attenuation at 1550 nm less 
than about 0.18 dB/km. 

22. The optical fiber according to claim 19 further comprising an attenuation at 1550 nm less 
than about 0.17 dB/km. 

23. An optical fiber, comprising: 

a core comprising an alkali metal oxide selected from the group consisting of Rb 2 0 and 
Cs 2 0 and mixtures thereof, in a peak concentration greater than about 0.001 wt% and less 

man about 1 wt. %; 

a cladding surrounding and directly adjacent the core. 

24. An optical fiber, comprising: 

a core comprising Rb 2 0 in a peak concentration greater man about 0.001 wt.% and less 

than about 1 wt. %; 

a cladding surrounding and directly adjacent the core. 

25. An optical fiber comprising: 

a silica-based core comprising a first dopant selected from the group consisting of 
germania and fluorine and mixtures thereof, and an alkali metal oxide selected from the 
group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs z O and mixtures thereof; in a peak 
concentration between 20 and 1000 ppm; and 

a silica-based cladding surrounding and directly adjacent the core; 

wherein the core has a refractive index profile with a peak relative refractive index, Amax, 
greater than 0.2 %, relative to the cladding. 

26. The optical fiber of claim 25 wherein the optical fiber has an attenuation at 1550 nm of 
less than 0.185 dB/km. 

27. The optical fiber of claim 25 wherein the attenuation at 1550 nm is less than 0.18 dB/km. 
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28. The optical fiber of claim 25 wherein the attenuation at 1550 nm is less than or equal to 
0.17dB/km. 

29. The optical fiber of claim 25 wherein the attenuation at 1550 nm is less than or equal to 
0.167 dB/km. 

30. The optical fiber of claim 25 wherein the fiber is a multimode fiber and the core 
comprises at least 70 wt% SiOi. 

31. The optical fiber of claim 25 wherein the core comprises at least 80 wt% SiC>2. 

32. The optical fiber of claim 25 wherein the core comprises at least 90 wt% Si0 2 . 

33. The optical fiber of claim 25 wherein the core further comprises chlorine in a peak 
concentration of less than 3000 ppm. 

34. The optical fiber of claim 25 wherein the peak concentration of the alkali metal oxide is 
less than 700 ppm. 

35. The optical fiber of claim 25 wherein the average concentration of the alkali metal oxide 
is less than 350 ppm. 

36. The optical fiber of claim 25 wherein the peak concentration of the alkali metal oxide is 
less than 500 ppm. 

37. The optical fiber of claim 25 wherein the peak concentration of the alkali metal oxide is 
between 20 and 500 ppm. 

38. The optical fiber of claim 25 wherein the alkali metal oxide is K 2 0. 

39. The optical fiber of claim 25 wherein the first dopant is germania and the peak 
concentration of the alkali metal oxide is between 30 and 300 ppm. 
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40. The optical fiber of claim 25 wherein the first dopant is germania and the peak 
concentration of the alkali metal oxide is between 30 and 150 ppm. 

41. The optical fiber of claim 39 wherein the alkali metal oxide is K 2 0. 

42. The optical fiber of claim 39 wherein the core further comprises chlorine in a peak 
concentration less than 3000 ppm. 

43. The optical fiber of claim 39 wherein the core has a maximum concentration of fluorine 
of less than 0.2 wt%. 

44. The optical fiber of claim 39 wherein the cladding comprises an alkali metal oxide 
selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof; in 
a peak concentration of less than 200 ppm. 

45. The optical fiber of claim 25 wherein the first dopant is fluorine and the peak 
concentration of the alkali metal oxide is between 200 and 500 ppm. 

46. The optical fiber of claim 25 wherein the first dopant is fluorine and the average 
concentration of the alkali metal oxide is between 100 and 300 ppm. 

47. The optical fiber of claim 45 wherein die core has a concentration of fluorine of greater 
than 0.02 wt%. 

48. The optical fiber of claim 45 wherein the core has a concentration of fluorine of greater 
than 0.15 wt%. 

49. The optical fiber of claim 45 wherein Ihe core has a maximum concentration of fluorine 
of between 0.5 and 1.5 wt%. 

50. The optical fiber of claim 45 wherein the core contains no germania. 
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5 1 . The optical fiber of claim 45 wherein the cladding has a minimum concentration of 
fluorine of at least 1 .0 wt%. 

52. The optical fiber of claim 45 wherein the alkali metal oxide is K 2 0. 

53. The optical fiber of claim 45 wherein the core further comprises chlorine in a peak 
concentration less than 500 ppm. 

54. The optical fiber of claim 45 wherein the cladding comprises an alkali metal oxide 
selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof in 
a peak concentration of less than 200 ppm. 

55. An optical fiber perform;, comprising: 

a center portion consisting essentially of solid glass; 

an outer portion surrounding the center portion, the outer portion comprising a glass soot; 

and 

wherein the center portion comprises an alkali metal oxide selected from the group 
consisting of K 2 0, Na 2 0, Li 2 0, Cs 2 0, Rb 2 0, and combinations thereof. 

56. The optical fiber preform according to claim 55 wherein the center portion comprises 
K 2 0. 

57. The optical fiber preform according to claim 55 wherein the center portion comprises 
Rb 2 0. 

58. The optical fiber preform according to claim 55 wherein the center portion comprises 
Ge0 2 . 

59. The optical fiber preform according to claim 55 wherein the outer portion comprises 
Ge0 2 . 
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60 A method of making an optical fiber, comprising: 

forming a first glass rod comprising an alkali metal oxide selected from the group 
consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and mixtures thereof, 

inserting the first glass rod into a centerline hole of an optical fiber preform to form a 
composite preform. 

61 . The method according to claim 60 wherein the glass rod comprises GeO* 

62. The method according to claim 60 wherein the opted fiber preform in the inserting step 
comprises glass soot 

63. The method according to claim 60 wherein the optical fiber preform comprises GeQ 2 . 

64. The method according to claim 60 farther comprising the step of consolidating the 
composite preform to form a core preform. 

65. The method according to claim 64 further comprising the step of drawing the core 
preform to form a second glass rod. 

66. Themefiaod according*, claim 65 further comprising** step of forming additional glass 
on the second glass rod. 

67. The method according to claim 66 wherein the step of forming additional glass 
comprises depositing glass soot 

68 A method of manufacturing an optical fiber, comprising the steps of: 

' providing a glass article having an outer dimension (dl) and which is doped with an alkah 
metal oxide selected from the group consisting of K 2 G, Na 2 0, LiG 2 , Rb 2 Q, Cs 2 G and 

mixtures thereof; and 

adding additional glass to me glass article to form a final consolidated draw preform 
having a final outer dimension (d2), wherein the outer dimension (dl) is less than or equal to 
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0.06 times the final outer dimension (d2) thereby concentrating the alkali metal oxide near 
the center of the final consolidated draw preform. 

69. The method of claim 68 wherein the outer dimension (dl) is less than or equal to 0.03 
times the final outer dimension (62). 

70. The method of claim 68 wherein the step of providing the glass article further comprises 
the steps of: 

deposting silica-containing soot onto a mandrel to form a soot tube, 
drying the soot tube by exposing the soot tube to a cMorine-containing atmosphere, 
fluorine sweeping the soot tube with a fluorine-containing atmosphere to remove 
chlorine, and 

consolidating the silica soot tube to form a vitrified silica-containing tube. 

71 . The method of claim 68 wherein the step of providing the glass article further comprises 
the steps of: 

passing oxygen over heated potassium bromide to form a dopant gas, and 
exposing the dopant gas to a vitrified silica-containing tube. 

72. The method of claim 68 wherein the step of providing the glass article further comprises 
the step of: 

collapsing a consolidated tube doped with the alkali metal oxide to form a glass rod. 

73. The method of claim 68 wherein the step of providing the glass article further comprises 
a step of: 

etching the glass article to remove OH. 

74. The method of claim 68 wherein the step of providing the glass article further comprises a 
step of: 

diffusing the alkali metal oxide into the glass article wherein the concentration of dopant 
varies radially in the glass article with a greatest concentration being on an inner half portion 
and a lowest concentration being in an outer half portion, wherein a peak concentration in wt. 
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% in the outer half portion is less than 50% of a peak concentration in wt % of Ihe inner half 
portion. 

75. The method of claim 68 wherein the step of adding additional glass further comprises the 
steps of inserting the glass article into a smca-containing tube. 

76. The method of claim 68 wherein the glass article includes silica doped with the alkali 
metal oxide and the additional glass includes an inner radial portion of substantially undoped 
silica and outer radial portion of fluorine-doped silica. 

77. The melhod of claim 68 wherein the glass article includes silica doped with germania 
and the alkali metal oxide, and the additional glass includes an inner radial portion of 
germania-doped silica and outer radial portion of substantially undoped silica. 

78. A method of making an optical fiber, comprising the steps of: 

depositing smca-containing soot onto a rotating mandrel to form a smca-containing soot 

tube, 

first drying the smca-containing soot tube with a cWorme-containing gas, 

then further drying the smca-containing soot tube with a fluorme-containing gas, 

consolidating the sihca-containing soot tube to form a glass tube, 

doping the glass tube or an intermediate article formed from the glass tube with an alkali 
metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and 
mixtures thereof; 

collapsing the glass tube or intermediate article to form an alkali-doped rod, and 
adding additional smca-containing glass onto the alkali-doped rod. 

79. The method of claim 78 wherein the step of adding additional smca-containing glass 

further comprises steps of: 

inserting the alkali-doped rod into a sffica-containing soot tube to form a rod-in-soot 

assembly, and 

consolidating the rod-in-soot assembly to form a consolidated assembly. 
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80. The method of claim 79 further comprising a step of: 
adding fluorine-doped glass onto the consolidated assembly. 

81 . The method of claim 78 wherein the step of doping further comprises a step of: 
diffusing the alkali metal oxide in a peak concentration of between about 20-1000 ppm. 

82. The method of claim 78 wherein the step of doping or the step of collapsing further 
comprises heating the glass tube or the intermediate article with a dry heat source. 

83. A method of making an optical fiber, comprising the steps of: 

depositing silica-containing soot onto a rotating mandrel to form a silica-containing soot 
tube, 

drying the silica-containing soot tube with a cWorine-containing gas, 
further drying the silica-containing soot tube with a fluorine-containing gas, 
consolidating the silica soot tube to form a glass tube, 

doping the glass tube or an intermediate glass article formed from the glass tube with an 
alkali metal oxide selected from the group consisting of K 2 0, Na 2 0, Li0 2 , Rb 2 0, Cs 2 0 and 
mixtures thereof; 

collapsing the glass tube or intermediate article to form an alkali-doped rod, 

inserting the alkali-doped rod into a silica-containing soot tube, 

forming a core rod from the alkali-doped rod and silica-containing soot tube, 

adding fluorine-doped silica to the core rod, and 

consolidating the fluorine-doped silica to form a final draw perform. 

84. A method of manufacturing an optical fiber, comprising the steps of: 

depositing germanium-doped silica soot onto a rotating mandrel to form a germanium- 
doped silica soot tube, 

drying the germanium-doped silica soot tube with a chlorine-containing gas, 
further drying the silica-containing soot tube with a fluorine-containing gas, 
consolidating the germanium-doped silica soot tube to form a glass tube, 
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doping the glass tube or a intermediate article formed from the glass tube with an alkali 
metal oxide selected from the group consisting of K 2 0, Na 2 0, LiQ 2 , Rb 2 0, Cs 2 0 and 
mixtures thereof; 

forming an alkali-doped rod from the glass tube or the intermediate article, 

inserting the alkali-doped rod into a smca-containing soot tube, the silica-containing soot 

tube including a inner annular portion of germanium-doped silica soot and an outer annular 

portion of substantially undoped silica soot. 

85 A method of making an optical fiber, comprising the steps of: 

depositing smca-containing soot onto a rotating mandrel to form a sihca-containing soot 

tube, 

drying the smca-containing soot tube with a cmorme-containing gas, 
further drying the snica-containing soot tube with a fluorme-containing gas, 
consolidating the sihca-containing soot tube to form a glass tube, 

doping the glass tube or an intermediate article formed from the glass tube with an alkah 
metal oxide selected from the group consisting of K 2 0, Na 2 D, LiQ 2 , Rb 2 Q, Cs 2 Q and 
nnxtures thereof to form an alkali-doped article wherein the alkah metal oxide is doped m an 
amount of between about 20-1000 ppm of the alkali metal oxide. 

86. The method of claim 85 further including the steps of: 

collapsing the alkali-doped article to form an alkali-doped rod, 
depositing additional sto-containing soot onto the alkali-doped rod, 
drying the additional smca-containing soot with a cMorme-containing gas, 
consolidating the additional silica-containing soot to form a consolidated core preform, 

and 

redrawing the consolidated core preform into a 2 nd core rod. 

87. The method of claim 86 further including further drying the additional smc^-containing 
soot with a fluorine-containing gas. 

8 8. The method of claim 86 further including treating the consolidated core preform or the 2' 
core rod with D2. 



nd 
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89. The method of claim 86 further including the steps of: 
depositing first cladding sOica-containing soot onto the 2 nd core rod, 

drying the first cladding silica-containing soot with a chlorine-containing gas, 
fluorine doping the first cladding silica-containing soot with a fluorine-containing gas, 
consolidating the first cladding silica-containing soot to form a 3 rd rod, and 
redrawing the 3 rd rod into a 4 th rod. 

90. The method of claim 89 further including the steps of: 
depositing second cladding silica-containing soot onto the 4 th rod, 

drying the second cladding sflica-cxmtaining soot with a chlorine-containing gas, 
fluorine doping the second cladding silica-containing soot with a fluorine-containing gas, 

and 

consolidating the second cladding silica-containing soot to form a final draw preform. 

91. The method of claim 90 wherein a wt % of fluorine in the second cladding silica soot is 
less than in the first cladding silica-containing soot 

92. The method of claim 85 wherein the doping step further includes the steps of: 
heating an alkali source material consisting of KBr, KI or KNO3, and 

passing a carrier gas over the source material and into the glass tube or intermediate 
article to diffuse the alkali metal oxide into the tube or intermediate article. 

93. A diffusion doping apparatus, comprising: 
a frame, 

a glass tube mounted for rotation relative to the frame, 

a source of dopant coupled to the glass tube, and 

a dry heat source mounted proximate to the glass tube. 

94. The diffusion doping apparatus of claim 93 wherein the source of dopant comprises a 
reservoir coupled to the glass tube, wherein said reservoir contains an alkali dopant heated by 
a heat source. 



BNSDOCID: <WO 2005021 45 5A2_l_> 



PCT/US2004/028102 

WO 2005/021455 

74 

t 

95. the diffusion doping apparatus of data 93 wherein the dry heat sooroe is an induction 
heater. 

96 The diffusion doping apparatus of elahn 95 wherein the induction heater comprises a 
susceptor surrounding tire glass tube and a coil mounted proximate to tire susceptor such mat 
when energized, the coil induces eddy current into the susceptor thereby causing me 
susceptor to heat up and tesuHantly heat the tube. 

97 The diffusion doping apparatus of claim 93 wherein me induction heater comprises a 
tubular susceptor surrounding the glass tube, a glass sleeve surrounding tire susceptor, and a 
con mounted about me glass sleeve and proximate to me susceptor such that when energrzed, 
the coil induces eddy current into the susceptor thereby causing the susceptor to heat up and 
resultantly heat the tube. 

98 The diffusion doping apparatus of claim 97 further comprising inert gas flow passages 
interfacing wiflt a first space berween the susceptor and the glass tube, and a second space 
between the susceptor and the glass sleeve providing inert gas surrounding the susceptor. 
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